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The effect of climate warming on rainforest trees, including temperate, subtropical and 
tropical rainforests is poorly understood. Tropical rainforest tree species are particularly 
threatened by climate warming and may experience a decline of growth in the future, which 
would be a major problem given their importance in the global carbon budget and in regulating 
global climate. Hence, we need to predict the response of rainforests in a future warmer world. 
To make such projections, we need to quantify the physiological and ecological responses of 
rainforest tree species to warming, particularly in tropical species, and determine their 
physiological thermal limits. My broad goal in this thesis is to investigate the mechanisms 
underpinning the various physiological responses by which rainforest tree species from 
different latitudes adjust to warming, including heatwaves. 
This thesis is divided into three research chapters to achieve the overall goal above. In 
chapter 2, I investigates the mechanisms underlying the photosynthetic temperature response, 
including biochemical, stomatal and respiratory components, in six Australian tree rainforest 
species from different latitudes and biomes (warm-temperate, subtropical, and tropical). 
Species are exposed to a broad range of growth temperatures in chapters 2 and 3, reflecting 
warming to temperatures within and beyond those experienced in their native climate range.  In 
chapter 2, I show that photosynthetic biochemistry was the main driver underpinning the 
increase of the temperature optimum of photosynthesis with warming and that photosynthetic 
capacity was more reduced by warming in tropical species compared to temperate species. 
Chapter 3 investigates the growth response to warming and its underlying mechanisms, 
including leaf structure, photosynthetic capacity, and biomass allocation in twelve rainforest 
species from different latitudes. This chapter also examines the capacity of rainforest tree 
species to acclimate to temperatures exceeding their native climate range. Chapter 3 
demonstrates that temperate and subtropical species mostly maintained their growth in response 
to temperatures outside their native range, even exceeding 10.5 °C warming through an increase 
in total leaf area and leaf mass fraction. By contrast, tropical species had reduced growth with 
warming with 53 % reduction of final biomass at 7 °C via reduced leaf area, leaf mass fraction 
and photosynthetic capacity. These results suggest that tropical species are approaching their 
physiological thermal limits and that small degree of warming will have a negative effect on 
their growth whereas + 7 °C warming will threaten their survival. However, temperate and 
subtropical species will likely cope with a larger degree of warming compared to tropical 
species. These findings imply that the effect of warming on leaf traits and the growth of 







Chapter 4 contrasts the physiological response of four temperate and four tropical 
rainforest tree species to an experimental heatwave (HW), including how pre-exposure to a 
long-term warming treatment (+ 3.5 °C) affected the physiological responses to a heatwave. 
During the heatwave, temperate species reduced their carbon uptake and increased dark 
respiration (Rdark). By contrast, tropical species maintained relatively homeostatic 
photosynthesis and respiration during the heatwave. However, + 3.5 °C warming had no effect 
on the physiological responses during heatwave, except for temperate species that reduced their 
Rdark more under  + 3.5 °C (45 %) warming compared to ambient treatment (38 %). Overall, 
this thesis provides a mechanistic understanding of the physiological processes that change in 
response to warming in rainforest tree species from different biomes. Tropical tree species can 
clearly cope with less warming compared to temperate tree species. This has implications for 
predicting rainforest responses to warming along a latitudinal gradient, including potentially 





Chapter 1 – General introduction 
1.1 Vulnerability of rainforest trees to warming 
 According to the United Nations’ Intergovernmental Panel on Climate Change (IPCC, 
2018), there is clear evidence that emissions of greenhouse gases in the atmosphere are causing 
increased temperatures resulting in climate change. By 2100, the global average temperature is 
expected to warm by at least twice as much as it has during the last 100 years. On average the 
global temperature is expected to increase from 2 °C to 4 °C by the end of the 21st century 
(Huntingford et al., 2012).  In Australia, annual mean temperatures are predicted to increase by 
1-6 °C by 2070 (CSIRO, 2007). This projected increase in global mean temperature will be 
accompanied by more frequent and intense heatwaves (IPCC, 2013) as the average climate 
shifts towards higher temperatures.  
 Across the globe, plant productivity has played a significant role in mitigating climate 
change by absorbing some of the CO2 emitted into the atmosphere. Around 30% of the current 
anthropogenic CO2 emissions are removed by terrestrial ecosystems annually, mainly by forests 
(Ciais et al., 2013; Pan et al., 2011).  Among the most productive forests in the world, 
rainforests represent major biodiversity hotspots, with the tropical rainforest being estimated to 
be the most productive biome on earth, contributing more than one-third of global net primary 
productivity (NPP) (Beer et al., 2010; Malhi, 2010). Although they cover only 15% of the 
planet’s terrestrial surface, rainforests house more than two-thirds of the world's plant species 
(Lewis, 2006) with tropical trees accounting for 55% of forest biomass (Pan et al., 2011), and 
therefore constituting an important sink for atmospheric carbon (Baker et al., 2004; Lewis et 
al., 2009).  
 Unfortunately, tropical plants are also predicted to face the greatest risk from climate 
warming, as they already exposed to high temperatures and have evolved in stable climatic 
conditions (Perez et al., 2016; Wright et al., 2009).  Furthermore, tropical canopies may already 
be functioning at temperatures above their photosynthetic thermal optimum (Mau, et al., 2018). 
Therefore, increase temperatures resulted in reduced tree growth in tropical species (Clark et 
al., 2010; 2013; Feeley et al., 2007) corroborating with the prediction of 78% loss in vegetation 
carbon in Amazonian forests by 2100 (Cox et al., 2004).  Reduced germination of tropical 
species could also lead to further decreases in canopy cover and biomass in future warmer 
world. Recently, a study showed that tropical tree species are vulnerable to warming because 
they germinate closer to their upper germination limits (Sentinella et al., 2020) with  over half 
of tropical plant species predicted to experience temperatures exceeding their optimum 
germination temperatures by 2070 (Sentinella et al., 2020). These predictions about the 
vulnerability of tropical species to warming suggest that as global temperatures increase, 





shifting from a carbon sink to a carbon source. Given the key role of rainforests in global 
terrestrial productivity and the predicted vulnerability of tropical rainforest to warming, it is 
particularly important to more accurately quantify the response of rainforest trees to warming 
to improve predictions about future climate. Understanding the physiological and the growth 
responses to warming in rainforest trees across latitudes would help predict the impact of 
warming on the productivity and the future climate along latitudinal gradient. 
Plant physiological responses to elevated temperatures dominated projected 
uncertainties about the biomass stocks in tropical forests based on 22 climate model simulations 
of (Huntingford et al., 2013). In particular, there were large uncertainties around the processes 
of photosynthesis and respiration, and the extent to which temperature acclimation of these 
processes might occur in tropical forest species remains uncertain. Zaehle et al. (2005) 
suggested that the parameters underlying the net photosynthesis rate contribute most to overall 
model uncertainty. Hence, under the current unprecedented rate of global warming, more 
detailed understanding of their physiological capacity to respond and adjust to high 
temperatures would help to improve our predictions about tropical forests and improve the 
accuracy of their carbon balance in the future. Whether tropical species will survive the 
predicted increases in temperature will depend on their ability to adjust. To date, several studies 
showed that tropical tree species may have limited capacity to acclimate to warming 
(Cunningham and Read, 2002; Scafaro et al., 2017; Slot and Winter, 2016), but their 
acclimation capacity to warming has not been well quantified.  Furthermore, data on the 
physiological temperature responses underlying the acclimation of tropical species to warming, 
including photosynthesis and respiration species has been scarce. Hence, a mechanistic 
understanding of the physiological response to warming is needed to realistically quantify the 
magnitude of acclimation in tropical forest biomass.  
The ability of plants to adjust to warming may depend on the temperature regime to 
which plants are currently adapted.  Species from cool climate regions climates often show a 
positive physiological and growth response to warming. By contrast, species from warm climate 
regions climates are expected to reduce carbon gain and growth in response to warming (Way 
and Oren, 2010). Previous studies have found that plants from higher latitudes increase growth 
in response to warming and are expected to benefit from further warming (Cunningham and 
Read, 2002; Gunderson et al., 2000, 2010; Way and Oren, 2010). This suggests that temperate 
species will likely be able to adjust to further warming, whereas tropical species may show 
limited capacity to adjust to warming. Furthermore, warming is predicted to vary with latitude 
(Solomon et al., 2007); high latitudes are predicted to exhibit much more warming compared 
to the tropics. This suggests that temperate species would be more exposed to warming. 
However, temperatures in the tropics historically do not fluctuate much, and thus small 





be adapted. Temperate species can serve as a baseline and be compared to tropical species’ 
physiological responses to warming. Comparing the physiological difference between the 
responses of temperate and tropical species to warming would help to predict future impacts of 
higher temperatures on rainforests along latitudes. Therefore, understanding the underlying 
physiological mechanisms in response to warming in rainforest tree species from different 
latitudes and their physiological thermal limits is a key to predicting the effect of global 
warming on tree growth. 
Australian rainforest tree species were selected to conduct this study because they 
present a natural gradient across different latitudes, enabling a contrast between temperate, 
subtropical and tropical tree species to quantify the response of rainforest trees to warming. 
Comparison of the physiological responses in rainforest species from different latitudes will 
help predict how rainforest tree species adjust to warmer temperatures across large geographical 
scale. Understanding the physiological responses of rainforest tree species to warming will help 
to predict forest carbon uptake responses to climate change (Feeley et al., 2011, Lombardozzi 
et al., 2015), given their crucial role in the global carbon budget. The overall aim of this thesis 
is to determine and understand the mechanisms underlying the physiological responses of 
rainforest tree to warming and extreme temperatures. 
 1.2 Physiological responses of plants to warming 
 With the predicted increase in global air temperature, plant responses to increasing 
temperature have become a major focus (Gunderson et al., 2000; Rustad et al. 2001). These 
responses are complex because most plant physiological processes are temperature-dependent. 
1.2.1 Net photosynthesis temperature response and its underlying components 
The short-term temperature response of net photosynthesis (Anet) can be represented as 
a unimodal curve, with a maximum rate of photosynthesis (Aopt) at an optimum temperature 
(ToptA), and lower rates above and below the optimum (Berry and Björkman, 1980; Sage and 
Kubien, 2007; Yamori et al., 2014). Several underlying physiological processes contribute to 
the temperature response of net photosynthesis, including stomatal opening (gs) (Lin et al., 
2012), mitochondrial respiration rates (Atkin et al., 2015; Crous et al. 2011; Tjoelker et al., 
2001), and biochemical processes, including changes in the carboxylation of ribulose-1, 5-
bisphophate (RuBP) activity (Vcmax) and regeneration of RuBP (i.e., the maximum rate of 
electron transport, Jmax) (Farquhar et al., 1980).  
 Biochemical processes play a major role in regulating the photosynthesis temperature 
response. According to the widely used Farquhar model of photosynthesis (Farquhar et al. 
1980), photosynthesis is limited by either Vcmax or Jmax and both have their own temperature 





(O’Sullivan et al., 2017; Yamori et al., 2014). A third biochemical limitation, triose-phosphate 
utilization (TPU) was later added to the model and can limit photosynthesis at very high CO2 
concentrations (Sage and Kubien, 2007; Sharkey, 1985) though it rarely limited the 
photosynthesis at ambient CO2 (Kumarathunge et al., 2019a). The peaked Arrhenius equation 
has been widely used as a model to study the instantaneous temperature response of Vcmax and 
Jmax. This equation has four parameters: the basal rate of either Vcmax or Jmax at a standard 
temperature of 25 °C (Vcmax25 or Jmax25), the activation energy (Ea), the de-activation energy 
(Hd), and the entropy term (∆S). Biochemical theory predicts that photosynthetic capacity will 
increase with warming as enzymes are more efficient at higher temperatures (Leuning et al., 
1997; Sage and Kubien 2007). However, rates of Vcmax25 and Jmax25 have been reported to 
increase with higher growth temperatures, including changes in activation energy and 
temperature optima (Bernacchi et al., 2003, Ghannoum et al., 2010, Hikosaka et al., 1999, 
Medlyn et al., 2002, Onoda et al., 2005, Sage and Kubien, 2007); while other studies reported 
decreased Vcmax25 (or Jmax25) with warmer growth temperatures (Aspinwall et al., 2016, Crous 
et al., 2013, Ferrar et al., 1989, Wertin et al., 2011). It is clear that each of these parameters 
have the capacity to adjust to warmer growth temperatures (Kumarathunge et al., 2019b; 
Medlyn et al., 2002b; Scafaro et al., 2017) though it is not always clear how as the peaked 
Arrhenius model parameters can vary significantly across species.  
In the longer term, net photosynthesis can adjust to new growth temperatures. These 
adjustments are termed ‘thermal acclimation’ and can include shifts in the temperature optimum 
of photosynthesis (ToptA) and changes in photosynthetic rates to the new growth temperatures 
(Way and Yamori, 2014). As the temperature response curves of photosynthesis shift, the 
photosynthesis rate at the optimum temperature (Aopt) may increase, decrease, or stay the same, 
and therefore, photosynthesis at mean growth temperature may change even if the optimum 
temperature for photosynthesis is adjusted to the new growth temperature (Slot and Winter, 
2016; Way and Yamori, 2014). Several processes may be involved in these adjustments. Some 
studies have found increases in ToptA to be associated with an increase of the activation energy 
of Vcmax, EaV, together with a decrease in the ratio Jmax/Vcmax with increasing growth temperature 
(Hikosaka et al., 2006). Other studies have found that the adjustment of photosynthesis 
temperature response was associated with a decline in Vcmax at a common temperature of 25 °C 
(Vcmax25) (Medlyn et al., 2002b; Scafaro et al., 2017; Yamori et al., 2005) or in Jmax at a common 
temperature of 25 °C (Jmax25) (Sage and Kubien, 2007). Recently, Kumarathunge et al. (2019b) 
found that the alteration of the biochemical component processes (Jmax/Vcmax, EaV, ΔSV and ΔSJ) 
was the main driver of the ToptA adjustments to growth temperature across diverse plant species 
and climates. 
The limited studies on the adjustments of photosynthesis for rainforest tree species thus 





shown that tropical species reduced their maximum photosynthetic rate with warming. Scafaro 
et al. (2017) found a reduction of photosynthetic rate as Tgrowth increased across six temperate 
and four tropical rainforest tree species, mainly driven by a decline in Vcmax25, related to a 
decline in nitrogen investment in Rubisco. Vårhammar et al. (2015) investigated the 
temperature responses of photosynthesis and its underlying mechanisms in native cold-adapted 
tropical montane rainforest tree species and exotic warm-adapted plantation species growing in 
a temperature common garden, and found that the photosynthetic capacity of cool-adapted 
montane rainforest climax tree species declined at high temperatures. However, from this study, 
we still do not know how the photosynthetic temperature response will change under future 
warming, exceeding the current temperatures in the tropics. Overall, there are a few knowledge 
gaps based on previous studies that need to be filled. The extent of physiological adjustments 
in rainforest tree species and by how much these physiological adjustments of tropical species 
differ from those of temperate species are not well known. Furthermore, the processes 
underpinning a shift in ToptA to warmer temperatures in rainforest tree species remain poorly 
investigated. To address these knowledge gaps, I determined the underlying mechanisms of the 
temperature responses of photosynthesis in rainforest tree species along a latitudinal gradient 
and investigated their capacity to adjust to range of growth temperatures. I also tested whether 
there is a difference between tropical and temperate species in their capacity to adjust 
photosynthesis and its underlying components to warmer growth temperatures. 
 In addition to the biochemical components, the stomatal conductance (gs) also affects 
the overall photosynthesis temperature response. The effect of temperature on stomata is often 
considered indirect, through changes in plant water status or vapor pressure deficit (VPD) 
(Lloyd and Farquhar, 2008; Urban et al., 2017). Both VPD and gs regulate the internal CO2 
concentration in the sub-stomatal cavity of leaves (Ci), which directly affect photosynthesis 
rates, with strong stomatal closure observed especially at higher temperatures and VPD. Lin et 
al. (2012) demonstrated that lower stomatal conductance can result in a lower temperature 
optimum of photosynthesis. Little is known about the direct effect of temperature on gs where 
findings have been inconsistent, including stomatal opening (Lu and Zeiger, 2000), unchanged 
gs (von Caemmerer and Evans, 2015; Sage and Sharkey, 1987) stomatal closure (Lahr et al., 
2015) or a peaked response with maximum gs at optimal temperatures (Way et al., 2011).  These 
inconsistent results could be related to the confounding effects of temperature and VPD on gs 
which are hard to separate. In a carefully controlled environment studies, the effects of VPD on 
gs can be minimized . 
1.2.2 Leaf dark respiration temperature response 
Plant respiration constitutes a major carbon flux to the atmosphere through the release 
of CO2 and it is strongly temperature dependent via a set of temperature sensitive biochemical 





temperature in the short term (Atkin et al., 2005). The temperature sensitivity of respiration has 
been described by the parameter Q10, which is defined as the proportional change in respiration 
per 10 ºC increase in temperature (Atkin and Tjoelker, 2003). 
A long-term change in temperature can result in respiratory acclimation, (Armstrong et 
al., 2006; Atkin et al., 2006; Atkin et al., 2015) defined as a dynamic, often reversible 
adjustment in the rate of respiration to sustained changes in air temperature (Atkin and Tjoelker, 
2003).  Plants which have been acclimated to a higher temperature generally have a reduced 
respiration rates at the new, elevated temperature compared to that of non-acclimated plants 
measured at that temperature (Atkin and Tjoelker, 2003; Atkin et al., 2005). There are two types 
of acclimation scenarios (Atkin and Tjoelker, 2003): 1) type I acclimation where changes in 
growth temperature may result in relatively rapid changes in Q10 without a change in basal 
respiration rates and 2) type II acclimation, which refers to changes in the basal rate of 
respiration at both higher and lower temperatures without necessarily a change in Q10. Many 
studies have reported on leaf respiration acclimating to a new growth temperature (e.g., Atkin 
et al., 2015; Crous et al., 2011; Reich et al., 2016; Tjoelker et al., 2008, Aspinwall et al., 2016) 
and acclimation also occurred in rainforest species. A meta-analysis including 103 species from 
different biomes found that all species acclimated their respiration in response to warming via 
a reduction of base rates determined at a set temperature (Slot and Kitajima, 2014). However, 
there was large variability within each biome representing species-specific acclimation 
capacity. Thermal acclimation of dark respiration may depend on a species’ climate of origin. 
Cold-grown plants exhibited higher Rdark than their warm-grown counterparts, when they were 
measured at a common leaf temperature (Atkin et al., 2005). Atkin et al. (2015) analyzed a 
global dataset of Rdark from 899 species belonging to 100 sites (from the Arctic to the tropics) 
to stress the importance of environmental gradients in controlling leaf respiration, showing that 
Rdark at a given temperature is higher in plants growing in cold habitats than in those in warm 
habitats. Taken together, this suggests that respiration will likely acclimate to minimize carbon 
loss as growth temperatures increase. While Slot and Kitajima (2014) found evidence of general 
acclimation, temperate and tropical rainforest tree species may differ in their capacity to 
acclimate leaf dark respiration to warming. To date we lack data on the temperature response 
of respiration in temperate and tropical tree species to warming and how much the acclimation 
capacity differs between temperate and tropical tree species, a knowledge gap that is addressed 
in this thesis. 
1.2.3 Temperature response of plant growth 
Temperature is a key factor driving plant growth and development throughout a plant’s  
life cycle. Changes in temperature can substantially affect the underlying physiological 
processes and biomass allocation parameters that contribute to plant growth (Poorter et al., 





(Kanno et al., 2010; Rymen et al., 2007; Savvides et al., 2016) and thus influence individual 
leaf area, specific leaf area (SLA, m2 g-1) and leaf area ratio (LAR, m2 g-1) which may ultimately 
affect relative growth rate. However, at higher temperatures exceeding the optimum 
temperature, plant growth can decline as a result of series of processes, including a decrease in 
carbon uptake and a shift in biomass allocation. The responses of these processes to warming 
may depend on the environment to which a species is adapted. 
The response of plant growth to temperature depends on the climate of origin of species. 
Several studies suggested that warming will likely increase growth of cool-origin species, (e.g., 
Drake et al., 2015; Way and Oren, 2010). However, warming will likely reduce the growth of 
tropical species, which are thought to be approaching their thermal limits of growth (Cheesman 
et al., 2013; Doughty and Goulden, 2008; Drake et al., 2015; Way and Oren, 2010). Previous 
studies found that temperate rainforest tree species displayed the maximum growth at lower 
temperatures than the tropical species (Cunningham and Read, 2003). Nevertheless, the 
mechanisms underlying the growth response to warming in rainforest tree species from 
contrasting climates have not been investigated. 
In chapter 3 of this thesis, my overall aim was to understand the various underlying 
physiological mechanisms responsible for the response of growth to warming in rainforest tree 
species across latitudes and how this affected their temperature acclimation capacity. This was 
achieved by testing the direct effect of warming on growth rate, leaf and plant traits, and 
photosynthetic capacity in twelve rainforest species from different latitudes grown across a 10° 
C range of temperatures. 
1.3 Physiological responses to extreme temperatures 
Heat stress is a major environmental factor limiting plant growth, development, and 
productivity worldwide. The extreme temperatures reached during heatwaves are likely to have 
significant negative effects on plants and affect many plant physiological processes (Teskey et 
al., 2015). Long term exposure to excessive heat stress may lead to permanent damage of leaf 
tissues (Hüve et al., 2011; O'Sullivan et al., 2013), which may have negative repercussions on 
plant productivity or lead to tree mortality (Allen et al., 2010; O’Sullivan et al., 2017). 
Extreme temperatures affect plants at different scales. High air temperatures increase 
leaf temperature and VPD, influencing stomatal conductance, transpiration and the 
photosynthetic rate (Teskey et al., 2015).  The increase of leaf temperature beyond the optimum 
temperature of photosynthesis leads to a decline in net photosynthesis. The decline of 
photosynthesis increased is related to several other co-occuring processes (Lin et al., 2012), 
including increased photorespiration, decreased stomatal conductance, the inhibition of 
Rubisco activase and inactivation of Rubisco (e.g., Salvucci and Crafts-Brandner, 2004). 





of photosystem II (PSII) (e.g., Ameye et al., 2012; Chaves et al., 2003; Wahid et al., 2007) and 
damage to the thylakoid membrane (Salvucci and Crafts-Brandner, 2004), and reduce 
photosynthesis during a heatwave. Leaf mitochondrial respiration also increases at extreme 
temperatures. Respiration increases rapidly with temperature, often by 50 to 200% per 10 °C 
(equivalent to Q10 values of 1.5–3.0), which substantially reduces daily net carbon gain at high 
temperatures. The reduction of photosynthesis and enhancement of respiration caused by heat 
stress can lead to loss of productivity. 
Under heat stress, plants exhibit various mechanisms for surviving, including 
thermotolerance mechanisms.  The thermotolerance or tolerance to heat stress can be defined 
as the maintenance of essential plant functions that contribute to fitness (Hall, 1992; Porch and 
Hall, 2013).  Investigating species’ vulnerability to higher temperatures via assessing their 
thermotolerance (Krause et al., 2010; 2013) provides insight into the plant’s ability to tolerate 
heat stress and into the damage that can be caused to membranes, including those in the 
photosynthetic apparatus (Maxwell and Johnson, 2000; Ducruet et al., 2007). Photosystem II 
(PSII) is one of the most heat sensitive parts of the photosynthetic apparatus. When PSII is 
exposed to stress, its capability for processing light via photochemical reactions decreases and 
the unused energy is then re-emitted as fluorescence. Therefore, chlorophyll fluorescence 
parameters have been used as reliable tools to evaluate photoinhibition, with Fv/Fm (the ratio of 
maximum variable to maximum total fluorescence), being the most commonly used variable to 
determine the temperature limits of heat tolerance (Aspinwall et al., 2019; Cunningham and 
Read, 2006; Krause et al., 2010). The critical temperature (Tcrit) is also commonly used to 
estimate heat tolerance and indicates the threshold leaf temperature resulting in a rapid rise in 
chlorophyll a fluorescence (Fo), which happens when the damage to PSII is irreparable, and net 
carbon assimilation declines (Braun et al., 2002; Krause et al., 2010). Tcrit was found to be 
plastic, increasing in response to high temperature in a number of species (Drake et al., 2018; 
Ghouil et al., 2003; Zhu et al., 2018).   
Thermotolerance may vary among species and may depend on the species’ climate of 
origin. Species originating from warmer climates are expected to be more heat tolerant and 
better adapted to withstand heat stress than species originating from cooler 
climates (Cunningham and Read, 2006; Salvucci and Crafts-Brandner, 2004 ).  A global study 
including 218 plant species across biomes found that Tcrit increased with habitat temperature 
among sites and found that rainforest species from the tropics had a greater Tcrit than species 
from the Alaskan arctic (O’Sullivan et al., 2017).  Cunningham and Read (2006) compared the 
thermotolerance of temperate and tropical rainforest species based on fluorescence parameters 
demonstrating that the tropical rainforest species have a greater heat tolerance than the 
temperate rainforest trees. However, a recent study showed interspecific variation of heat 





necessarily related to climate of origin. The variation in thermotolerance between species and 
its relation to the surrounding climate or growth temperatures has only recently started to be 
explored, though the plasticity of thermotolerance is really being tested during heat stress such 
as a heatwave. Drake et al. (2018) clearly demonstrated that the thermotolerance increased after 
a few days of heatwave exposure in Eucalyptus. This response is likely related to an increase 
in heat shock proteins released during the heatwave (Aspinwall et al., 2016). Therefore, 
assessing the physiological responses of plants during a heatwave can contribute to our 
understanding about thermotolerance, including species variation and plasticity in 
thermotolerance. 
Currently, the physiological mechanisms involved in the response of rainforest trees to 
heatwaves remain unexplored. My goal in chapter 4 was to determine the various physiological 
responses of temperate and tropical rainforest tree species and their thermotolerance to 
heatwave temperatures. Moreover, it is unclear whether acclimation to warmer temperatures 
can help increase the thermotolerance of plants in a heatwave. Based on previous studies, the 
response of plants to the interaction between warming and heatwave varied among studies 
(Ameye et al., 2012; Aspinwall et al., 2019; Drake et al., 2018), suggesting that the plasticity 
in thermotolerance during a heatwave may depend on the species’ life history and the climate 
to which species are adapted. Therefore, I also aimed to investigate how long-term warming 
will affect the heatwave responses of two groups of rainforest tree species from contrasting 
climates (temperate and tropical). This was achieved through a 5-day heatwave with air 
temperature around 40 °C (these heatwave conditions are not uncommon in the tropics; 
Trancoso et al., 2020) in a controlled environment experiment to test whether plants grown at 
+3.5 °C warming will be better able to cope with heat stress compared to those grown at an 
ambient treatment. 
1.4 Research questions and objectives  
Based on the literature review, there are considerable knowledge gaps related to our 
understanding of the mechanisms underlying the physiological temperature responses of 
photosynthesis, respiration and growth to warming and extreme temperatures, especially in 
rainforest tree species. Specifically, the following questions emerge: What are the mechanisms 
underlying the photosynthesis temperature response in rainforest tree species? (Chapter 2) How 
do rainforest tree species from different latitudes acclimate to warming? What are the 
mechanisms underlying their growth response to warming? (Chapter 3) And how do rainforest 
tree species from contrasting climates exposed to long-term warming respond to short-term 
exposure of extreme temperatures? (Chapter 4) 
The major aim of this thesis is to investigate the mechanisms underlying the 





temperatures currently within and outside their native climate. More specifically, this thesis 
aimed at i) determining the key components responsible for the photosynthesis temperature 
response in Australian rainforest tree species (Chapter 2), ii) investigating the underlying 
mechanisms of rainforest tree growth response to warming and their acclimation capacity in 
twelve rainforest tree species across latitudes (Chapter 3), and iii) investigating how long-term 
warming treatment will modify the physiological performance of temperate and tropical 
rainforest trees in response to heatwaves (Chapter 4). 
1.5 Candidate contributions (ZC) 
Chapter 2 is in preparation for submission as a journal article with the following authors 
and title: Zineb Choury, Agnieszka Wujeska-Klause, Aimee Bourne, Nikki Bown, Mark G. 
Tjoelker, Belinda E. Medlyn, Kristine Y Crous. Biochemical adjustments underlie the shift in 
the temperature optimum of photosynthesis in six Australian rainforest trees. ZC and KYC 
designed the experiment with input from MGT. ZC led the data collection and carried out the 
data analysis. ZC interpreted the results with substantial contribution of KYC, BEM, and MGT. 
AWK, AB, and NB contributed to data collection. ZC wrote the manuscript and all the 
coauthors revised and edited the manuscript. 
Chapter 3 is in preparation for submission as journal article with the following authors 
and title: Zineb Choury, Yanisa Pair Olaranont, Elise Dando, Belinda E. Medlyn, Mark G. 
Tjoelker, Kristine Y Crous. Tropical and subtropical Australian rainforest tree species show 
reduced growth with warming compared to temperate rainforest species. ZC and KYC designed 
the experiment with input from MGT. ZC led the data collection, analyzed the data. ED, YPO 
substantially contributed the collection of growth data and KYC led the preparation and final 
harvest with the help of YPO. ZC wrote the manuscript. KYC, BEM, and MGT substantially 
contributed to data analysis and interpretation, edited and revised the manuscript.  
 Chapter 4 is a thesis chapter with the following authors and title: Zineb Choury, Diana 
Backes, Nikki Bown, Aimee Bourne, Belinda E. Medlyn, Mark G. Tjoelker, Kristine Y Crous. 
Heatwave effects on leaf photosynthesis and respiration differ between temperate and tropical 
rainforest tree species. ZC designed the data collection, conducted the experiment, analyzed the 
data with guidance from KYC, BEM, and MGT. DB helped with the critical temperature 
measurements, NB and AB contribute to the gas exchange and fluorescence data collection. 






Chapter  2 – Lower net photosynthesis but greater adjustments in photosynthetic 
biochemistry and respiration in response to warming in tropical compared to 
warm-temperate rainforest species 
 
2.1 Abstract 
Tropical rainforest tree species are perceived as vulnerable to future warming because 
they have adapted to a stable thermal environment and are currently at or above their thermal 
optimum. However, they may be able to adjust to increasing temperatures. Understanding the 
mechanisms underlying the temperature responses of plant carbon uptake and release, and their 
capacity to adjust to warming, would help predict the future response to warming and determine 
thermal limits. Photosynthesis and respiration temperature responses were quantified in six 
Australian rainforest species of tropical, subtropical and warm-temperate climate zones grown 
at a range of temperatures. Temperature response models were fitted to the data to identify the 
mechanisms underpinning adjustments in the responses.  
 
The temperature optimum of photosynthesis increased with growth temperature (Tgrowth) 
(0.34-0.59 °C per °C increase in Tgrowth), driven by an increase in the temperature optima of 
Vcmax25 and Jmax25, along with a decline of Jmax25 and the entropy term (S). Warm-temperate 
species tended to maintain or increase their maximum photosynthetic rate with Tgrowth, but 
subtropical and tropical species reduced their maximum photosynthetic rate by ~30% at the 
higher growth temperatures. Respiration rate at 25 °C increased with warming in warm-
temperate species, but in most tropical species there was homeostasis at Tgrowth  (Rgrowth) resulting 
from reduced respiration at 25 °C (R25) and a 24% lower temperature sensitivity (Q10) compared 
to temperate species.  
 
Overall, tropical and subtropical species showed larger adjustments of ToptA and 
respiration than warm-temperate species, which would balance the decrease of carbon uptake 
and photosynthetic capacity at higher temperatures and minimize carbon loss with warming. 
These adjustments of tropical species to warming may help to improve our projections about 











The effect of climate warming on rainforest trees, including temperate and tropical 
rainforests, is uncertain and still under debate (e.g., Huntingford et al., 2013; Mercado et al., 
2018; Smith et al., 2020; Zaehle et al., 2005). Based on modelling studies, tropical Amazonian 
forests are highly threatened by climate warming (Cook et al., 2012; Malhi et al., 2008), and 
are projected to have a huge drop of vegetation biomass by 2100 (Cox et al., 2004). The 
expected extensive loss of Amazonian rainforest could have pronounced effects on the global 
climate (Fu et al., 2013). Nonetheless, a recent study suggests that tropical species may be 
resilient to future warming (Smith et al., 2020), likely via the adjustment of the photosynthetic 
capacity in tropical tree species, reducing their vulnerability to warming (Mercado et al., 2018). 
Because these physiological adjustments may be important on larger scales (Atkin et al., 2008), 
Smith and Dukes (2013; 2016) have highlighted the need for incorporating the acclimation of 
physiological processes to improve the quality of future climate projections. 
Understanding how plants will adjust to warming is particularly important for tropical 
rainforest tree species which may be vulnerable to warming temperatures because they have 
evolved under stable climatic conditions, but experience high temperature conditions and are 
likely operating near upper physiological limits (Perez et al., 2016; Wright et al., 2009). Studies 
on physiological and ecological responses of tropical tree species to warming are urgently 
needed to quantify the extent to which these species will be able to adjust to warming (Cavaleri 
et al., 2015). Not knowing these responses represent a major limitation in predicting responses 
to climate change (Feeley et al., 2011; Lombardozzi et al., 2015), because of their importance 
in the global carbon budget (Malhi, 2012) and in regulating the global climate (Lewis et al., 
2009).  
Given that tropical species grow at high temperatures and are adapted to a narrow 
temperature range, we might expect that their physiological capacity to adjust to warming 
would be more limited compared to temperate species. Understanding the difference between 
the responses of temperate and tropical species would help to understand the effect of predicted 
warming on tree distribution range. Previous studies have found that tropical species were more 
susceptible to growth declines at increased temperatures, whereas temperate species had 
enhanced growth with warming (Drake et al., 2015; Way and Oren, 2010). These results suggest 
that temperate species may benefit from further warming whereas tropical species will have 
constrained capacity to adjust to further warming. To generalize from these results, it is needed 
to identify the mechanisms underpinning the physiological responses of temperate and tropical 
species to warming. 
Several underlying physiological processes contribute to the temperature response of 





processes, particularly changes in the carboxylation of ribulose-1, 5-bisphophate (RuBP) 
activity (Vcmax) and regeneration of RuBP (i.e., the maximum rate of electron transport, Jmax) 
(Farquhar et al., 1980), and mitochondrial respiration rates (Atkin et al., 2015a; Crous et al. 
2011;Tjoelker et al., 2001), each with its own temperature dependency. The temperature 
dependencies of biochemical processes (Vcmax and Jmax) usually show a steady rise to an 
optimum followed by a relatively rapid decline (O’Sullivan et al., 2017; Yamori et al., 2014). 
The peaked Arrhenius equation has been widely used as a model to characterise the 
instantaneous temperature response of Vcmax and Jmax. This equation has four parameters: the 
basal rate at a standard temperature of 25 °C (Vcmax25 or Jmax25), the activation energy (Ea), the 
de-activation energy (Hd), and the entropy term (∆S). The higher leaf-to-air vapour pressure 
deficit (VPD) associated with rising temperatures directly influences leaf stomatal conductance 
(Lloyd and Farquhar, 2008) and hence the photosynthetic rate. The direct dependence of gs on 
temperature has not been consistent across studies (Sage and Sharkey, 1987; Sage, 1999; von 
Caemmerer and Evans, 2015), which is likely due to the confounding effects of temperature 
and VPD on gs, but a recent study demonstrated that stomatal response to VPD is the primary 
mechanism for high-temperature photosynthetic declines in tropical forests (Smith et al., 2020). 
Together, all these processes can influence the temperature optimum of net photosynthesis 
(ToptA).  In this study, I investigated how some of these variables were related to ToptA across a 
set of rainforest species. 
Plants are also able to adjust their photosynthetic responses under varying 
environmental conditions (Berry and Björkman, 1980). In response to warmer growth 
temperatures, plants can maintain or increase carbon gain via increased photosynthetic capacity 
(Kattge and Knorr, 2007; Sage and Kubien, 2007) or increases in the temperature optimum of 
photosynthesis (ToptA) (Cowling and Sage, 1998; Crous et al., 2018;  Gunderson et al., 2010; 
Scafaro et al., 2017a; Yamori et al., 2014). Several processes may be involved in these ToptA 
adjustments. Some studies found increased ToptA to be associated with an increase in the 
activation energy of Vcmax, EaV, together with a decrease in the Jmax/Vcmax ratio with increasing 
growth temperatures (Hikosaka et al., 2006). Other studies have found that the adjustment of 
ToptA was associated with a decline in Vcmax25 or Jmax25 (Medlyn et al., 2002b; Sage and Kubien, 
2007; Scafaro et al., 2017; Yamori et al., 2005). Recently, Kumarathunge et al. (2019b) found 
that changes in the biochemical component processes of the photosynthesis temperature 
response (i.e., Jmax/Vcmax, EaV, ΔSV and ΔSJ) was the main driver of the ToptA adjustments to 
growth temperature.  
The limited studies on the adjustments of photosynthesis for tropical rainforest 
species thus far (Cunningham and Read, 2002, 2003; Scafaro et al., 2017; Slot and Winter, 
2016) have generally shown that tropical species reduced their maximum photosynthetic rate 





at higher growth temperatures in Australian rainforest tree species compared to temperate 
species when both groups were exposed to temperatures around 30 °C (Cunningham and 
Read, 2003) while all species increased ToptA. Scafaro et al. (2017) found a decline in net 
photosynthesis rate as growth temperature increased across six temperate and four tropical 
rainforest tree species, the shift in Anet was associated with a decline in Vcmax25 and in nitrogen 
investment in Rubisco as Tgrowth increased. However, Scafaro et al. (2017) did not examine 
ToptA. Slot and Winter (2017b) found that tropical seedlings can acclimate to moderate 
warming via an increase in ToptA, but photosynthesis declined with moderate to larger degrees 
of warming. Our controlled-environment study investigated the mechanisms underlying the 
adjustments of the photosynthesis temperature response in rainforest tree species with the 
following questions in mind:  How does ToptA adjust to warmer temperatures in rainforest 
tree species originating across latitudes? What are the processes underpinning any ToptA 
adjustment and how are these adjustments different in tropical compared to temperate 
species? 
Similar to photosynthesis, leaf respiration responds to short- and long-term changes 
in growth temperatures. Leaf respiration typically shows an exponential increase with short-
term changes in temperature (Atkin and Tjoelker, 2003; Heskel et al., 2016). There is also 
evidence that respiration can adjust rapidly to warmer temperatures via thermal acclimation 
in a manner that promotes homeostasis in metabolic function (Atkin et al., 2015; Crous et 
al., 2011; Heskel et al., 2016). Homeostasis is defined as any process by which a biological 
system maintains stability while adjusting to changing environment, and this process is of 
considerable importance to plants as they are sessile.Thus, short-term temperature response 
functions of leaf respiration are altered in response to long-term warming (Aspinwall et al., 
2016; Heskel et al., 2016), either via reduced rates of respiration at a standard temperature 
or via reduced temperature sensitivity of respiration (Atkin and Tjoelker, 2005). A meta-
analysis including 103 species from different biomes found a general pattern of acclimation 
of respiration to warming, manifested via reduced respiration rates at a set temperature (Slot 
and Kitajima, 2014). In addition, the respiration rate at a set temperature varies among 
species according to their geographic origin. For instance, temperate plant species showed 
higher rates of dark respiration at a standard temperature (25 °C) compared to tropical 
species (Atkin et al., 2015). Based on these data, I would expect that respiration would 
acclimate with long-term warming in all rainforest tree species to minimize carbon loss.  
Determining the underlying mechanisms of the temperature responses of 
photosynthesis in rainforest tree species and investigating their ability to adjust leaf 
respiration to high temperatures would help to predict their future response to warming. This 
study aimed to determine the key components responsible for the photosynthesis and 





following hypotheses: a) the temperature optima of photosynthesis (ToptA), Vcmax (ToptV), and 
Jmax (ToptJ) will increase with increasing growth temperatures; b) Vcmax25 and Jmax25 will be 
downregulated with increasing Tgrowth; c) R25 will be reduced with warming and d) 
adjustments in ToptA, Aopt and R25 will be larger in temperate than tropical species. To test 
these hypotheses, I grew six Australian rainforest tree species (two warm-temperate, two 
subtropical, and two tropical species) to a broad range of temperatures, experienced in and 
above their current climate distribution, and I measured the temperature responses of 
photosynthesis and respiration and its underlying mechanisms. I tested whether tropical and 
temperate species differed in their capacity to acclimate photosynthesis and respiration to 




























2.3 Material and Methods 
2.3.1 Plant materials and experimental design  
I grew seedlings of six Australian rainforest tree species at a range of growth 
temperatures. All species’ distributions were located along the east-coast margin of Australia 
between 12 and 40°S (Table 2.1). The species included two tropical species (Atractocarpus 
fitzalanii F. Muell Puttock and Xanthostemon chrysanthus F.Muell. Benth), two subtropical 
species (Backhousia citriodora F. Muell. and Flindersia australis R. Brown), and two warm-
temperate species (Cryptocarya laevigata Blume and Tristaniopsis laurina Sm.). All plant 
species are evergreen angiosperms and none are classified as pioneer species. Seedlings of the 
six species were obtained from two commercial tree nurseries (Burringbar Rainforest nursery, 
NSW and Yuruga nursery, QLD). Seeds were locally obtained from one seed source for each 
species. The biome of each species is indicated in Table 2.1. Species distributions were obtained 
from the Atlas of Living Australia (www.ala.org.au) and I used WorldClim climatology data 
(WorldClim 1.4; Hijmans et al., 2005) to calculate the average summer temperature (From 
December to February) of the southernmost and northernmost latitude occurrence of each 
species’ native geographic range (Table 2.1). 
To assess the effects of warming, seedlings of each species were grown under four 
growth temperatures. Six mean daily temperature treatments ranging from 17 to 34.5 °C in 3.5 
°C increments were implemented in six adjacent naturally sunlit glasshouse bays. All growth 
temperature regimes were implemented with a diurnal range of 10 °C. Thus, temperatures 
during the day were warmer than the average diel temperatures, with the target daily maximum 
temperatures ranging from 23 to 40 °C in the coolest to hottest bays. The temperature treatments 
for each rainforest group spanned the average summer temperatures in their native range, three 
of these average temperatures were more or less within their native distributions and one of 
which was ~3.5 °C warmer than current average temperatures experienced in their native 
distributions. However, I included a growth temperature of 24 °C for tropical species (cooler 
than their average summer temperature) to obtain four growth temperatures for all species. 
Warm-temperate species were grown under mean diel temperatures of 17, 20.5, 24, 27.5 °C, 
while subtropical and tropical species were grown at 24, 27.5, 31, 34.5 °C.  Relative humidity 
in the respective glasshouse bays (17 °C to 34.5 °C)  were 81, 84, 88, 72, 76, 72 % over 24 h 
(Carel Humidisk 65 humidifier, Sydney, Australia). 
 The experiment ran at Western Sydney University (Richmond, NSW, Australia) during 
the austral summer of 2017-2018 (November-February). Seedlings were transplanted 
individually into 7 L pots of loamy sand soil. Ten seedlings of each of the six species were 
randomly assigned to each of the four temperature treatments on 6 November 2017. After 





to develop new leaves under the experimental conditions. Throughout the experiment, plants 
were kept well-watered with an automated irrigation system and were fertilized weekly with a 
commercial fertilizer (50 ml at 2 g/l; 25% N, 5% P, 8.8% K, 0.004% Zn, 0.005% Cu, 0.001% 
Mo, 0.01% Mn, 0.18% Fe, 0.005% B; Thrive soluble, Yates, Australia).  
2.3.2 Leaf photosynthesis and Anet–Ci curves 
Three plant replicates per species were selected within each temperature treatment (6 
species x 4 growth temperatures x 3 replicates = 72 plants) for leaf physiological measurements. 
Gas exchange measurements were conducted using several portable open infrared gas analyser 
systems (LI-6400XT, LI-COR, Lincoln, NE, USA) with red and blue lamps (part 6400-02B, 
LI-COR, Lincoln, NE, USA). One newly developed, fully expanded leaf was measured on each 
plant replicate.  Leaves were measured at a single point in time for light saturated 
photosynthesis (Anet) between 8:30 and 16:00, local time. Initial Anet measurements were 
conducted at saturating light (1800 mol m-2 s-1, photosynthetic photon flux density) and 
ambient CO2 concentration (~415mol mol-1) using a flow rate of 300 μmol s−1, followed by 
an Anet–Ci response curve using a sequence of CO2 concentration levels (40, 150, 235, 330, 415, 
700, 1200, 1500, 1800 mol mol-1). 
In order to establish the temperature responses of Vcmax and Jmax, these Anet–Ci response 
curves were measured at five leaf temperatures (17, 25, 30, 35, and 40 ºC) on the same leaf and 
across all plants (6 species x 4 growth temperatures x 3 replicates x 5 leaf temperatures = 360 
Anet–Ci curves). Leaf temperature was controlled to be within ± 1 °C of the target leaf 
temperature by manually adjusting the temperature of the chamber block. To achieve good 
temperature control, plants were temporarily moved to different bays for each of the five target 
measurement temperatures and measured after at least a one-hour adjustment period. The 
relative humidity in the leaf cuvette was controlled between 50% and 70%. The leaf to air 
vapour pressure deficit (VPD) during these measurements increased consistently with target 
leaf temperatures (from ~1 to 4 kPa, Fig. S2.1). 
2.3.3 Net photosynthesis temperature responses 
Based on the initial Anet measurements at each of five leaf temperature temperatures, 
temperature responses of photosynthesis were fit using the following parabolic equation 
(Gunderson et al., 2010): 
 
                      𝐴 = 𝐴 − 𝑏(𝑇 − 𝑇 ) 2                                                          (1) 
 
 
Where Anet is the light-saturated net photosynthetic rate (μmol m-2 s-1) at a given leaf 





light-saturated net photosynthetic rate at Topt, and the parameter b describes the broadness of the 
curvature of the parabola. 
2.3.4 Net photosynthesis at a common Ci (A300) 
I also examined A300, the net photosynthesis rate at the mean Ci (300 μmol mol-1), which 
was obtained from each Anet–Ci curve by interpolating the curve using the Farquhar model 
(Farquhar et al., 1980) with parameters fitted to that curve. When the photosynthetic rate is 
scaled to a common Ci, it eliminates the effect of variation in stomatal conductance on Ci and 
thus photosynthesis, isolating the temperature effects on photosynthetic biochemistry 
(Kumarathunge et al., 2019b). The temperature optimum for photosynthesis at the mean Ci 
(ToptA300) was estimated for each species by fitting Eqn 1. By comparing ToptA300 and ToptA, we 
estimated the effect of variation in stomatal conductance on the temperature optimum for 
photosynthesis.  
2.3.5 Stomatal limitation  
The stomatal limitation (Sl) of net photosynthesis was calculated by comparing 
photosynthesis from the fitted Anet–Ci curve at the measured ambient Ci (AmeasuredCi) and 
photosynthesis from the fitted curves at the mean Ci (A300) using the following equation: 
 
                   𝑆 = 𝐴 − 𝐴                                                     (2) 
 
Stomatal limitation (Sl) was compared among species at each Tgrowth in relation to leaf 
temperature. 
2.3.6 Temperature dependence of photosynthetic biochemistry parameters 
Each Anet-Ci curve was fit to the Farquhar et al. (1980) photosynthesis model using the 
fitacis function in the plantecophys package in R (Duursma et al., 2015). I used the standardized 
kinetics parameters using the parameterization given by Bernacchi et al. (2001). The 
temperature dependencies of Vcmax and Jmax were fitted using the modified version of the 
Arrhenius equation to reflect a peaked function (Medlyn et al., 2002a): 




                            (3) 
 
Where k25 is the value of Vcmax or Jmax at 25 ºC, R is the universal gas constant (8.314 J 
mol-1 K-1), Tk is leaf temperature in °K, Ea (J mol-1) is the activation energy. Ea describes the 
exponential rate of rise of enzyme activity with increasing temperature. Hd (J mol-1) is the 





decrease in the function above the optimum. To avoid over-parameterization, Hd was held at a 
constant of 200 kJ mol-1 for all species (Kattge and Knorr, 2007; Medlyn et al., 2002a).  
 
The optimum temperature (Topt) of Vcmax and Jmax was calculated from the following 
equation (Medlyn et al., 2002a): 
 
                          𝑇 =
∆  [ ]
                                                             (4) 
 
where the variable abbreviations are explained above and ln represents the natural log. 
2.3.7 Temperature dependence of dark respiration 
The short-term temperature dependence of leaf dark respiration (Rdark-T) was measured 
on three plants of each species in two of the four growth temperatures. Different pairs of growth 
temperatures were measured for temperate (17 and 20.5 °C), subtropical (24 and 27.5 °C) and 
tropical (27.5 and 31 °C) species to assess the effect of +3.5 °C warming on leaf respiration in 
each group beyond their native climate range. Leaves were kept in darkness for at least 30 min 
prior to measurements by covering with aluminium foil. Dark respiration was measured over a 
temperature range from 14 to 60 °C, using a large gas-exchange chamber (3010-GWK1, 
HeinzWalz GmbH, Effeltrich, Germany) connected to an infrared gas analyser (IRGA; LI-
6400XT, USA). Measurements on excised leaves were conducted during the day using a flow 
rate of 300 μmol s-1 and a reference CO2 concentration of 400 μmol mol-1. The leaf temperature 
was raised at a rate of 1 °C min−1 to obtain high-resolution temperature-response curves of dark 
respiration (O’Sullivan et al., 2017). The following equation was fit to the data between 15 and 
45 °C: 
       𝑅 = 𝑅 . 𝑄 ( )/                                                           (5) 
where RT is the respiration rate measured at a given temperature, and T is the leaf 
temperature, and the parameters R25 and Q10 characterise the respiration rate at 25 °C and the 
proportional increase in respiration with a 10 °C increase in temperature, respectively.  
2.3.8 Data analysis  
All graphs and statistical analyses were conducted in R version 3.3.2 (R Development 
Core Team, 2012). Data were checked for homogeneity and normality. Temperature response 
curves (Eqns. 1 and 4) were fit to the data using the nls function within the nlstools package 






The experimental design uses a regression approach in assessing the effect of growth 
temperatures on responses observed across multiple glasshouse bays, avoiding some of the 
issues that may arise from pseudo-replication. Simple linear regression of all parameters was 
conducted both across and within species as a function of growth temperature using the lm 
function. The regressions against Tgrowth were compared across groups using ANCOVA; the 
slopes of groups were obtained using lstrends within lsmeans package. Afterwards, the slopes 
were compared using the Tukey test. Comparing fitted leaf R25 values between two growth 






Table 2.1.  Six rainforest tree species from three rainforest groups, including their distribution range (obtained from the Atlas of living Australia), 
their corresponding average summer temperature, their mean annual temperature (MAT), and their mean annual precipitation (MAP) at the 
southernmost and northernmost latitude occurrence based on WorldClim climatology data (WorldClim1.4; Hijmans et al., 2005). The 















Coordinates of seed 









Myrtaceae 24.6 – 40 °S 17.4  –25.4  16.4 1230 28°31'16''S 153°32'28"E          
(Big Scrub, NSW) 
Subtropical Backhousia 
citriodora  




Rutaceae 17.2 – 35.2 °S 19.7 – 23.4  17.3 737 28°23'16''S 153°33'29''E  
(Pottsville, NSW) 
Tropical Atractocarpus  
fitzalanii 











2.4   Results 
2.4.1   Temperature responses of net photosynthesis 
The optimum temperature for photosynthesis (ToptA) was higher in tropical and 
subtropical species than in warm-temperate species (Fig. 2.1). ToptA in tropical and subtropical 
species ranged from 28.1 to 36.0 °C, whereas in warm-temperate species ToptA ranged from 23.0 
to 27.6 °C (Fig. 2.1, Table 2.2). A similar difference was observed for the optimum temperature 
of photosynthesis corrected to a common Ci, ToptA300, indicating a minor role of stomatal 







Figure 2.1. Temperature response of photosynthesis of rainforest tree species at different 
growth temperatures (means ± SE). a-b) warm-temperate species, c-d) subtropical species 
(Flindersia australis could not be fit at 31 and 34.5 °C as I obtained negative values of the 
broadness of the curvature , data not shown) and e-f) tropical species. 
 
 Across all species, the temperature optimum for leaf net photosynthesis (ToptA) showed 
a significant positive relationship with growth temperature (R2 = 0.38, p = 0.002, Fig. 2.2a). 
The rate of increase in ToptA was 0.34 ± 0.10 °C per °C increase in Tgrowth. When normalized for 





(ToptA300) displayed a stronger relationship with Tgrowth (R2 = 0.47, p = 0.0002) with the rate of 
increase in ToptA300 becoming 0.59 ± 0.13 °C per °C increase in Tgrowth (Fig. 2.2b). However, the 
sensitivity of ToptA300 to Tgrowth varied strongly with species’ climate origin and significantly 
differed between groups ( p = 0.019, ANCOVA, Table S1.1), being much higher in the sub-
tropical (0.78 ± 0.20 °C per °C increase in Tgrowth) and tropical species (0.35 ± 0.17 °C per °C 
increase in Tgrowth) and around zero in warm-temperate species. 
 The photosynthetic rate at the temperature optimum (Aopt300) and net photosynthetic rate 
at 25 °C (Anet25) declined at the highest growth temperatures in all species (Table 2.2, Fig. S2.2), 
Subtropical species B. citriodora decreased Aopt300 by about 23% at the two highest growth 
temperatures (31 and 34.5 °C) compared to 27.5 °C.  Similarly, F. australis reduced Aopt300 by 
~13 % at 31 °C and its photosynthesis temperature response could not be fitted at the highest 
Tgrowth (34.5 °C). Tropical species X. chrysanthus showed more than a 27% decline of mean 
Aopt300 at the two highest growth temperatures compared to 27.5 °C, while tropical A. fitzalanii 
exhibited ~54% reduction of mean Aopt300 at 31 and 34.5 °C compared to plants grown at 27.5 
°C (Table 2.2). The warm-temperate species C. laevigata and T. laurina reduced Aopt300 by 14% 












Figure 2.2. Temperature optimum for (a) leaf net photosynthesis (ToptA) and (b) net 
photosynthesis at an intercellular CO2 concentration of 300 μmol mol-1 (ToptA300) across species 
at different growth temperatures (ToptA= 0.34 Tgrowth +20.8, R2 = 0.38, p = 0.002); (ToptA300 = 0.59 
Tgrowth + 15.83, R2 = 0.47, p = 0.0002). Each group has a specific colour with blue for temperate, 
orange for subtropical and red for tropical species, also  used in subsequent figures. 
 
2.4.2 Stomatal component of the photosynthetic response to temperature 
Temperature responses of photosynthesis can potentially be driven by stomatal 
closure at high leaf temperatures and the associated VPD. Here, however, we found that 
stomatal conductance did not have a strong relationship with increases in leaf temperature 
in the different growth temperatures (Figure 2.3), with only one species, B. citriodora, 
significantly decreasing its conductance with higher leaf temperatures (R2 = 0.77, p = 0.01). 
Stomatal conductance did decline with increasing VPD in three out of the six species (Figure 
S2.3) including warm-temperate T. laurina, subtropical B. citriodora and tropical X. 
chrysanthus. Stomatal  responses to Tleaf  at different Tgrowth remained mostly unchanged (Fig. 
2.3). Moreover, stomatal limitation was not significantly related to leaf temperature (p > 
0.05) for most species at any growth temperature, except in three out of 24 instances for C. 
laevigata grown at 17 °C, B. citriodora grown at 31 °C and F. australis grown at 27.5 °C 








Table 2.2. Coefficients (± SE) from the photosynthesis temperature response fits at mean Ci (300 μmol mol-1) and net photosynthesis at 25 °C 
(Anet25) for six rainforest tree species at four different growth temperatures. A parabolic function was used to fit according to Equation 1 in the 
methods. F. australis fits at 34.5 °C had ToptA300 outside the measurement range. 
Rainforest group Species Growth  
temperature 
      Aopt300 
(µmol m-2 s-1) 
    ToptA300 
       (° C) 
     b 
(broadness) 
Anet25  
(µmol m-2 s-1) 
Warm-temperate C. laevigata 17 °C 6.62 ± 0.65 28.3 ± 1.8 0.020 ± 0.008 5.71 ± 0.81 
  20.5 °C 6.12 ± 0.66 27.5 ± 1.8 0.018 ± 0.007 5.48 ± 0.50 
  24 °C 6.24 ± 0.69 27.1 ± 1.5 0.023 ± 0.008 4.19 ± 1.21 
  27.5 °C 5.37 ± 0.60 27.0 ± 2.4 0.013 ± 0.006 3.59 ± 0.75 
 T. laurina 17 °C 11.01 ± 44 27.4 ± 0.5 0.040 ± 0.005 11.23 ± 0.33 
  20.5 °C 9.17 ± 0.66 26.3 ± 0.8 0.04 ± 0.007 10.00 ± 0.35 
  24 °C 13.10 ± 0.55      25.9 ± 0.9 0.038 ± 0.007 11.34 ± 0.63 
  27.5 °C 12.24 ± 0.94 27.90 ± 1.6 0.043 ± 0.015 10.58 ± 1.46 
Subtropical B. citriodora 24 °C 13.33 ± 0.59 31.3 ± 0.62 0.044 ± 0.007 12.01 ± 0.77 
  27.5 °C 13.71 ± 0.61 37.7 ± 4.3 0.016 ± 0.008 14.50 ± 0.76 





  34.5 °C 10.32 ± 1.12 38.6 ± 10.6 0.011 ±  0.011 8.34 ± 1.21 
 F. australis 24 °C 9.58 ± 0.67 31.4 ±  1.2 0.027 ± 0.008 6.68 ± 1.24 
  27.5 °C 12.19 ± 0.80 33.2 ± 2.1 0.026 ± 0.009 10.89 ± 0.58 
  31 °C 10.58 ± 0.85 38.3 ±  10.71 0.009 ± 0.009 5.66 ± 0.43 
  34.5 °C - - - 2.78 ± 0.30 
Tropical A.  fitzalanii          24 °C 8.54 ± 1.01 30.1 ± 2.0 0.022 ± 0.012 7.00 ± 0.39 
  27.5 °C 11.38 ± 0.93 31.1 ± 1.6 0.028 ± 0.011 8.94 ± 0.63 
  31 °C 8.25 ± 1.24 33.4 ± 5.4 0.014 ± 0.014 8.24 ± 2.092 
  34.5 °C 2.36 ± 0.48 30.3 ± 6.9 0.003 ± 0.005 1.76 ± 0.70 
 X. chrysanthus 24 °C 14.54 ± 1.22 30.0 ± 1.1 0.055 ± 0.016 10.73 ± 0.99 
  27.5 °C 13.62 ± 1.00 33.3 ± 3.3 0.022 ± 0.014 9.37 ± 2.06 
  31 °C 10.58 ± 0.77 37.4 ± 8.4 0.009 ± 0.008 9.72 ± 1.73 






Figure 2.3. Relationships between leaf temperature (Tleaf) and stomatal conductance (gs) at 
different growth temperatures (different symbols) in six rainforest tree species : a-b) warm-
temperate species, c-d) subtropical and e-f) tropical species (different colours). The relationship 





2.4.3 Biochemical component of the photosynthetic response to temperature  
Our findings provide evidence that the shift in ToptA was mainly driven by adjustments 
of photosynthetic biochemistry. Temperature responses of Vcmax and Jmax are shown for each 
species and growth temperature in Figures S2.5 and S2.6, while the parameters extracted by 
fitting equation 3 to these curves are shown in Figure 2.4 and Table 2.3.  
Correlation between photosynthetic biochemistry and Tgrowth 
Across species, Jmax measured at 25 °C (Jmax25) declined significantly (p = 0.02; R2 = 
0.18) with increasing growth temperatures (Fig. 2.4b; Table 2.4). There were reductions of 
Jmax25 with increasing growth temperature in warm-temperate, subtropical, and tropical species. 
The reduction of Jmax25 was significantly higher in tropical species (-6.13 ±1.33 for each °C 
increase in Tgrowth) than warm-temperate species (-0.12 ± 1.33 for each °C increase in Tgrowth) 
(p = 0.013; ANCOVA). The reductions in Jmax25 were large in several species, for instance 
tropical A. fitzalanii displayed more than 75% reduction of Jmax25 at the highest Tgrowth compared 
to 27.5 °C, while subtropical B. citriodora reduced Jmax25 by ~39% at 34.5 °C compared to 24 
°C (Table 2.3). By contrast, Vcmax measured at 25 °C (Vcmax25) tended  to decline in tropical and 
subtropical species compared to warm-temperate species, but there was no significant 
difference between the slopes of the three groups (p > 0.05; ANCOVA; Table S1.1). Therefore, 
no clear response of Vcmax25 to growth temperature was found (p = 0.76) (Fig. 2.4a; Table 2.4). 
Since Jmax25 declined, but Vcmax25 did not, the ratio of Jmax25 to Vcmax25 (Jmax25/Vcmax25) across 








Figure 2.4. Parameter values of individually fitted functions to characterize the temperature 
dependence of Vcmax (a, c, e, g) and Jmax (b, d, f, h) at 25 °C across growth temperatures in 
three rainforest groups (blue for temperate species, orange for subtropical and red for tropical 
species). (a, b) standard value of Vcmax and Jmax at 25 °C, (c, d) activation energy (Ea) for 
Vcmax and Jmax, (e, f) optimum temperature Topt of Vcmax and Jmax, (g, h) entropy term (∆S) for 
Vcmax and Jmax fits. Regression coefficients across growth temperatures are reported in Table 
2.4. 
 
Similar to ToptA, the optimum temperatures of both Vcmax and Jmax increased significantly 
with increasing growth temperatures across species (Fig. 2.4e,f; Table 2.4).The slopes of linear 
regressions of ToptV and ToptJ, with growth temperature were 0.49 ± 0.13°C °C-1 and 0.56 ± 
0.14°C °C-1, respectively (Fig. 2.4e, f; Table 2.4). However, the change in ToptA was not 
associated with a change in activation energy (Ea) of either Vcmax or Jmax; both EaJ and EaV were 





was a significant decline of ∆SV and ∆SJ across growth temperatures (Fig. 2.4e, f; Table 2.4). 
Hence, several biochemical parameters (Jmax25, ToptV, ToptJ, ∆SV, ∆SJ) responded to growth 
temperatures across species, suggesting a strong influence of the underlying biochemical 
components on the temperature response of photosynthesis. 
Correlation between the temperature optimum of photosynthesis and photosynthetic 
biochemistry 
We tested whether there were correlations between the temperature optimum of 
photosynthesis as a common Ci, ToptA300, and photosynthetic biochemistry, removing the 
variation in stomatal conductance in these relationships. There were strong correlations 
between several biochemical parameters and the temperature optimum of photosynthesis. We 
found a positive relationship between ToptA300 and the optimum temperatures of Vcmax (ToptV) and 
of Jmax (ToptJ) (Fig. 2.5a, b), indicating that higher Topt in Vcmax and Jmax were correlated with a 
higher optimum of photosynthesis. A low Jmax25/Vcmax25 ratio was also related to high 
temperature optima of photosynthesis, ToptA300 (Fig. 2.5c). While there was no significant 
relationship between ToptA300 and the activation energy (either EaV or EaJ, data not shown), a 
strong negative relationship was found between SJ and ToptA300 (R2 = 0.43, Fig. 2.5d) and 
between SV and ToptA300 (R2 = 0.17, data not shown). This reduction is in line with the reduction 





Table 2.3. Table of coefficients ± standard errors from temperature response fits for two warm-temperate, two subtropical and two tropical rainforest 
tree species across four growth temperatures reflecting warming in and beyond their native range. Each fit was performed using three replicates 
per treatment using a peaked Arrhenius function, except two fits for which a standard Arrhenius was used because they did not show a peak (Vcmax 
of X. chrysanthus at 34.5 °C and Jmax of B. citriodora at 27.5 °C). Coefficients are the maximum carboxylation rate at 25 °C (Vcmax25), the maximum 
electron transport at 25 °C (Jmax25), the activation energy (EaV and EaJ  for Vcmax and Jmax, respectively), and the entropy (∆SV and ∆SJ, respectively). 
The te mperature optimum (Topt) of each fit was calculated. Flindersia australis could not be fit at 34.5 °C.  R2 represents the overall model fit.       
Rainforest     
group 




Vcmax25           EaV             ∆SV               Topt      R2 
(µmol m-2 s-1) (kJ mol-1) (J mol-1 K-1)  (°C) 
Electron transport 
Jmax25              EaJ              ∆SJ                   Topt             R2    
(µmol m-2 s-1) (kJ mol-1) (J mol-1 K-1)     (°C) 
 Warm-
temperate 
 C. laevigata 17 °C 30.4 ± 8.0 57.3 ± 23.2 640 ± 20 37.36 0.37 69.6 ± 6.3 46.4 ± 15.8 640 ± 10 34.90 0.72 
  20.5 °C 25.4 ± 5.0 101.3 ± 48.8 650 ± 10 36.40 0.70 63.1 ± 7.3 54.1 ± 21.0 641 ± 10 34.80 0.52 
     24 °C 27.3 ± 8.0 96.9 ± 75.6 650 ± 20 35.00 0.55 56.9 ± 5.0 43.4 ± 14.8 637 ± 4 33.58 0.59 
  27.5 °C 19.0 ± 4.0 72.4 ± 29.0 630 ± 10 41.66 0.65 55.2 ± 6.0 39.3 ± 14.1 632 ± 8 37.45 0.54 
 T. laurina 17 °C 47.8 ± 3.3 61.3 ± 11.8 638 ± 4 36.11 0.77 86.3 ± 4.2 41.9 ± 10.2 640 ± ±4 32.26 0.77 
  20.5 °C 44.0 ± 4.6 75.4 ± 36.6 652 ± 8 31.57 0.75 77.4 ± 8.2 48.0 ± 24.9 646 ± 8 31.84 0.60 
  24 °C 57.2 ± 3.0 66.4 ± 8.6 637 ± 3 37.89 0.92 108.3 ± 5.7 48.1 ± 10.9 644 ± 4 33.07 0.72 
  27.5 °C 57.5 ± 4.8 35.0 ± 11.1 623 ± 10 40.58  0.68 89.6 ± 6.2 34.9 ± 10.4 633 ± 5 36.60 0.68 






(*) Two fits for which a standard Arrhenius was used because they did not show a peak (Vcmax of X. chrysanthus at 34.5 °C and Jmax of B. 
citriodora at 27.5 °C.
  27.5 °C 68.3 ± 10.4 51.0 ± 18.8 610 ± 40 47.81 0.78 74.9 ± 5.5 38.6 ± 4.7 *          0.88 
    31 °C 53.0 ± 5.3 71.0 ± 14.7 630 ± 10 42.50 0.93 68.4 ± 6.0 38.4 ± 12.9 620 ± 10 41.06 0.73 
  34.5 °C 38.7 ± 7.6 77.4 ± 28.3 640 ± 10 38.71 0.73 56.2 ± 3.6 38.1 ± 8.7 630 ± 10 40.00 0.81 
 F. australis   24 °C 32.8 ± 6.1 95.1 ± 26.6 640 ± 10 41.12 0.86 63.4 ± 5.4 43.2 ± 12.4 630 ± 10 40.65 0.73 
  27.5 °C 48.6 ± 10.0 70.0 ± 25.3 630 ± 20 43.70 0.78 74.3 ± 6.7 50.8 ± 11.7 620 ± 10 43.90 0.89 
    31 °C 35.1 ± 7.0 93.7 ± 23.2 630 ± 10 43.19 0.89 77.8 ± 6.4 39.1 ± 9.2 610 ± 30 46.68 0.82 
  34.5 °C           25.5 ± 10.0                  85.1 ± 51.53 620 ± 40        45.77      0.68 47.8 ± 6.2 44.3 ± 17.3    620 ± 30  44.40       0.74 
Tropical A. fitzalanii   24 °C 32.5 ± 7.5 113.6 ± 45.5 640 ± 10 38.50 0.83 90.0 ± 7.4 42.9 ± 16.1 640 ± 5 35.30 0.71 
  27.5 °C 47.0 ± 7.5 75.2 ± 21.8 630 ± 10 40.36 0.78 88.3 ± 8.8 52.9 ± 14.8 630 ± 10 37.86 0.67 
    31 °C 38.9 ± 10.2 70.0 ± 38.0 630 ± 20 41.42 0.76 63.6 ± 12.3 69.1 ± 34.2 640 ± 10 37.82 0.75 
  34.5 °C 17.6 ± 4.8 8.7 ± 35.1 620 ± 40 42.46 0.21 21.6 ± 5.4 58.7 ± 37.5 640 ± 10 38.20 0.47 
 X. chrysanthus   24 °C 51.7 ± 12.6 98.7 ± 46.8 640 ± 10 37.65 0.68 103.6 ± 13.5 32.2 ± 19.7 630 ± 10 37.54 0.33 
  27.5 °C 48.2 ± 8.4 87.4 ± 23.3 630 ± 10 42.00 0.79 95.4 ± 8.8 31.6 ± 13.4      620 ± 3 43.95      0.52 
    31 °C 47.3 ± 4.7 65.4 ± 12.7 620 ± 20 46.76 0.96 65.7 ± 7.1 48.5 ± 18.4 630 ± 10 40.40      0.82 






Table 2.4. Results of simple linear regression of parameter values across six growth 
temperatures. Parameters are: the maximum carboxylation rate at 25 °C (Vcmax25) and its 
activation energy (EaV), the maximum electron transport rate at 25 °C (Jmax25) and its associated 
activation energy (EaJ), while its deactivation energy (Hd) was kept constant at 200 kJ mol-1 
ToptV and ToptJ represent the optimum temperature of Vcmax and Jmax, respectively, while ∆S 
represents the entropy factor in the model (∆SV and ∆SJ for Vcmax and Jmax fits, respectively) and 
the R2 explains the variance of the parameter, Jmax25/Vcmax25 is the ratio of Jmax25 to Vcmax25. SE: 
standard error of the mean. a and b are the intercept and the slope of the linear regression 



















Parameter a SE b SE R2 p-value 
Vcmax25 46.11 15.22 -0.17 0.56   0.04  0.764 
Jmax25 121.99 20.24 -1.82 0.74   0.18 0.023 
EaV 89.38 22.96 -0.53 0.84   0.02 0.533 
EaJ 40.02 10.72 0.14 0.39   0.04 0.717 
ToptV 27.12 3.51 0.49 0.13   0.38 0.001 
ToptJ 23.65 3.90 0.56 0.14   0.40 <0.001 
∆SV 659.86 8.6 -1.00 0.32   0.29 0.005 
∆SJ 660.57 8.54 -1.10 0.31  0.35 0.002 






Figure 2.5. Relationships between several biochemical parameters and the temperature 
optimum of photosynthesis at a common Ci of 300 µmol mol-1 (ToptA300) among three rainforest 
groups (blue = temperate, orange = subtropical and red = tropical):  
a) ToptA300 and ToptV (ToptA300= 0.72 ToptV + 2.72; R2 = 0.20, p = 0.02), 
b) ToptA300 and ToptJ (ToptA300 = 0.92 ToptJ -3.85; R2 = 0.52, p < 0.01), 
c) ToptA3100 and Jmax25/Vcmax25 (ToptA300 = -5.57 Jmax25/Vcmax25 + 41.71; R2 = 0.38, p = 0.001), 
 d) ToptA300 and ∆SJ (ToptA300 = -0.41 +287.43; R2 = 0.43, p < 0.01).  
 
2.4.4 Temperature response of respiration  
The response of dark respiration to leaf temperature acclimated to warming differently 
in warm-temperate versus subtropical and tropical species (Fig. 2.6, Fig. S2.8), reflected in 
adjustments in both R25 and Q10. Respiration rates at a common temperature (R25) tended to 
decline with warming in tropical and subtropical species, with three out of four subtropical and 
tropical species (B. citriodora, A. fitzalanii, X. chrysanthus) having ~20% lower (R25) with 3.5 
°C warming. In contrast to tropical and subtropical species, the R25 either increased or remained 
similar with warming in warm-temperate species (Fig. S2.8, Figure 2.6a). On average, warm-





among rainforest groups and their growth temperatures, no linear relationship was found 
between R25 and Tgrowth across  
 
Figure 2.6. (a) Dark respiration rate at 25 °C (R25) across six rainforest tree species from 
temperate (blue), subtropical (orange) and tropical (red) regions, (b) Q10 of respiration 
(calculated across 15-45 °C) across species in response to growth temperature, Tgrowth (Q10 = -
0.037 Tgrowth + 2.74, R2 = 0.43, p = 0.012), and (c) dark respiration at Tgrowth (RTgrowth) in response 
to Tgrowth. 
 
There was a significant reduction of the temperature sensitivity of respiration (Q10 
between 15 to 45 °C) with increased Tgrowth (R2 = 0.43, p = 0.01) (Figure 2.6b), principally 
driven by lower Q10 in the tropical species. On average, Q10 was reduced by 24% with 3.5 °C 
warming in subtropical and tropical species, compared to the average Q10 of warm-temperate 
species. Overall, tropical and subtropical species adjusted their respiration more compared to 
warm-temperate species in response to warming, via lower rates of R25 and reduced Q10. These 
adjustments resulted in homeostasis in the respiration rate at Tgrowth (RTgrowth) among subtropical 
and tropical species, while warm-temperate species increased their RTgrowth with warming (Fig. 
2.6c). 
As with other components, I tested the correlation between ToptA300 and respiration at 
ToptA300 (RToptA300) to assess whether a change in respiration with warming affected ToptA300. I 
found a positive correlation between RToptA300 and ToptA300 (R2 = 0.42; Fig.2.7a), suggesting 
increased respiration rates at higher growth temperatures (Fig. 2.6c) were associated with an 
increased temperature optimum of photosynthesis. However, the ratio of respiration at the 
temperature optimum and photosynthesis at temperature optimum did not differ across growth 






Figure 2.7. (a) ToptA300 in response to dark respiration rate at ToptA300 (RToptA300) across six 
rainforest tree species from temperate (blue), subtropical (orange) and tropical (red) regions, 
and (b) the balance between Aopt300 and RToptA300) in response to Tgrowth. (ToptA300 = 9.08 RToptA300 
























                                                                                                                                                                                                                                                          
2.5 Discussion 
2.5.1 The photosynthetic response to growth temperature 
The rate of increase in ToptA was 0.34 – 0.59 °C per °C increase in Tgrowth, a shift observed 
in most studies (Berry and Björkman, 1980; Kumarathunge et al., 2019b), with tropical and 
subtropical species showing a higher increase of ToptA300 than warm-temperate species. The 
increase in ToptA300 was underpinned by an increase in ToptV and Topt J  (Fig. 2.4) supporting our 
hypothesis that the temperature optima of photosynthesis (ToptA), Vcmax (ToptV), and Jmax (ToptJ) 
would increase with increasing growth temperatures. The magnitude of acclimation of ToptV 
(0.49 °C per °C in increase in Tgrowth) was similar to that found by Dreyer et al. (2001), in a 
study of seven European tree species, and Kattge and Knorr (2007) (0.44 °C per °C increase in 
Tgrowth), in a meta-analysis of 36 species. There was a strong relationship between ToptA300 and 
ToptV and between ToptA300 and ToptJ (Fig. 2.5a, b) suggesting that biochemical components 
strongly influenced the temperature optimum of photosynthesis.  
In contrast to most biochemical components, the stomatal conductance response to 
growth temperatures remained mostly unchanged and stomatal limitation was generally not 
related to leaf temperature. This implies that gs was not a major component driving shift in the 
temperature response of photosynthesis in these rainforest species, which could be explained 
by the fact that plants were grown in well-watered conditions. In support, Kumarathunge et al. 
(2019b), Crous et al. (2018) and Gunderson et al. (2010) also demonstrated that temperature 
effects on stomatal conductance was not a major component driving the adjustments of the 
photosynthesis temperature response. However, a recent study found that stomatal response to 
VPD could be a major driver of the decline of photosynthesis at higher temperatures in tropical 
forests (Smith et al., 2020). The difference between this study and previous studies on the 
contribution of gs to the photosynthesis temperature response could be related to the use of 
controlled conditions in most previous studies in which the VPD effect was minimised through 
the control of humidity, while in Smith et al. (2020) large-scale mesocosm and field study, VPD 
was not manipulated.  
Our study showed that Aopt300 and Anet25 declined as growth temperature increased in 
tropical and subtropical species. These reductions in photosynthesis were driven by the 
reduction in Jmax25 with the increase of Tgrowth, which supported our hypothesis of 





Vcmax25 (Fig. 2.4). However, Scafaro et al. (2017) found decline in net photosynthetic rate as 
growth temperature increased across six temperate and four tropical rainforest tree species that 
was associated with a decline in Vcmax25 as Tgrowth increased. Overall, there was a greater 
proportional reduction in Jmax25 than Vcmax25 in most studies with Jmax25/Vcmax25 ratio generally 
being reduced with increasing growth temperatures across species (Atkin et al., 2006; 
Hikosaka et al., 2006; Sage and Kubien, 2007; Yamori et al., 2010), likely related to the greater 
dependence of Jmax upon membrane stability than Vcmax at higher temperatures (Sage and 
Kubien, 2007). Moreover, a lower Jmax25/Vcmax25 ratio was related to a higher ToptA (Fig. 2.5, 
Kumarathunge et al., 2019b). The balance between Jmax and Vcmax depends on growth 
temperature because of their different temperature optima and therefore the optimum 
temperature of photosynthesis is determined by the most limiting process of photosynthesis. At 
lower Jmax25/Vcmax25, the photosynthetic rate is limited by RuBP regeneration, suggesting that 
RuBP regeneration has a greater control over net photosynthesis in warm-grown plants 
compared to cool-grown plants (Hikosaka et al., 2006). Unlike my findings, some previous 
studies have found that Vcmax25 was more responsive to Tgrowth (Lin et al., 2013; Scafaro et al., 
2017), whereas a global study found that Vcmax25 was unchanged in response to Tgrowth for most 
of the datasets (Kumarathunge et al., 2019b).  This difference could be related to the use of 
different temperature treatments during the experiments. For instance, Scafaro et al. (2017) 
applied only three growth temperatures on temperate and tropical species and the highest 
growth temperature that tropical species experienced was 32.5 °C on average and 35 °C as a 
maximum day growth temperature. Furthermore, Vcmax25 was regressed against the maximum 
growth temperature (Scafaro et al. (2017). However, in my study I applied four growth 
temperatures on each rainforest group with tropical species exposed to 34.5 °C and 41 °C as 
the highest average growth temperature and the maximum day growth temperature, 
respectively. Thus, it is not consistent whether reduction of Jmax25/Vcmax25 is achieved by 
reduction of Jmax25 or increasing Vcmax25 or both. 
There were no positive relationships observed between either EaV and Tgrowth or EaJ and 
Tgrowth. While some studies have found a positive relationship between activation energy and 
growth temperature (Hikosaka et al., 1999; Hikosaka et al., 2006; Onoda et al., 2005), these 
studies typically did not use a peaked temperature response function. Kattge and Knorr (2007) 
also found lack of EaV and EaJ responses to Tgrowth. Using a peaked Arrhenius function, the 
change in ToptV and ToptJ is generally explained by the sensitivity of ∆S to temperature (Kattge 





∆SJ in response to growth temperature, and the magnitude of this decline (-1.00 ± 0.32 and -
1.10 ± 0.31 J mol-1 K-1 °C-1, for ∆SV and ∆SJ, respectively) was very similar to Kattge and Knorr 
(2007) and to Kumarathunge et al. (2019b). My study found a strongly negative correlation 
between ∆SJ and ToptA300 (Fig. 2.5d) indicating that the reduction in ∆S contributed to an 
increased temperature optimum of photosynthesis in response to warming. Overall, the selected 
rainforest species clearly adjusted the underlying biochemical components of photosynthesis to 
warmer growth temperatures, mainly via reduced Jmax25/Vcmax25, reduced ∆S and increased 
temperature optima of Vcmax and Jmax (ToptV and ToptJ).  
2.5.2 Response of leaf dark respiration to growth temperature 
The selected rainforest tree species adjusted their leaf dark respiration differently in 
response to warming, with subtropical and tropical species showing a stronger adjustment of 
leaf dark respiration than warm-temperate species. Subtropical and tropical species showed on 
average 24% lower temperature sensitivity (Q10) (over 15-45 °C range) with 3.5 °C warming 
compared to warm-temperate species. Temperature acclimation through changes in Q10 enables 
respiration to adjust dynamically to changes in growth temperature (Atkin and Tjoelker, 2003), 
likely via changes in substrate and/or adenylate control (Armstrong et al., 2008).  This reduction 
in Q10 in subtropical and tropical species was likely related to the higher growth temperatures 
they experienced compared to temperate species, and enabled tropical and subtropical species 
to reduce C loss via reduced respiration with warming. 
Some subtropical and tropical species (B. citriodora, A. fitzalanii, and X. chrysanthus) 
showed a significant decrease of R25 at +3.5 °C warming compared to their non-warmed 
counterparts, while R25 increased with warming in the two temperate species. While the 
observed increase in R25 with warming in temperate species is not common (but see Xiang et 
al., 2013), Atkin et al. (2015) have shown that R25 in temperate species tended to be higher 
compared to R25 in tropical species. However, in response to warming, reduced rates of R25 in 
tropical species in response to warming have been reported (Drake et al. 2017; Slot et al. 2014). 
A meta-analysis on a broader set of species demonstrated downregulation of respiration at a 
given temperature with warming (Slot and Kitajima, 2015). In our study, most tropical and 
subtropical species reduced R25 with warming, which would balance the reduction of their 





2.5.3 Comparison in responses between tropical and warm- temperate species 
 According to my hypothesis, adjustments of both the optimum temperature of 
photosynthesis (ToptA) and the maximum photosynthetic rate (Aopt) and net photosynthetic rate 
at 25 °C (Anet25) would be larger in warm-temperate than subtropical and tropical species, 
because the species in temperate regions are generally adapted to the greater seasonal 
temperature variation. In contrast to this hypothesis, we found larger adjustments of ToptA300 in 
tropical and subtropical species compared to warm-temperate species related to the increase in 
ToptJ and ToptV. However, Aopt300 and Anet25 tended to decrease with similar magnitudes in 
tropical, subtropical, and warm-temperate species as Tgrowth increased. The decrease in 
photosynthesis was supported by Cunningham and Read (2003) who compared the acclimation 
capacity of temperate and tropical rainforest tree species to changing temperatures and found 
that at higher temperatures, temperate species maintained the maximum net photosynthesis 
whereas the tropical species reduced the maximum net photosynthesis rate. However, no 
significant differences were found in the magnitude of the shift in ToptA between the temperate 
and tropical groups. In support of my findings, Mau et al. (2018) found that ToptA was higher in 
tropical species than in temperate species. The large shift in ToptA300 in tropical and subtropical 
species found in my study could be explained, in part, by the higher temperatures (up to 34.5°C) 
the trees were exposed to during the experiment, whereas Cunningham and Read (2003) 
exposed temperate and tropical rainforest tree species to temperatures not exceeding 30 °C.  
The reduction of Aopt300   and Anet25 in tropical and subtropical species was a result of a 
greater decline in their Jmax25 with increasing Tgrowth (B. citriodora, A. fitzalanii and X. 
chrysanthus reduced their Jmax25 by ~55%, while only one warm-temperate (C. laevigata) 
species reduced its Jmax25 with increasing Tgrowth (by ~23 %).  Scafaro et al. (2017) also found 
that Jmax25 and Vcmax25 were lower in tropical compared to temperate species, resulting in a 
reduction of net photosynthetic rate with increasing growth temperature. In our study, the 
reductions in Jmax25 were larger than Vcmax25 in tropical and subtropical species, which is likely 
related to the greater dependence of Jmax upon membrane stability than Vcmax at higher 
temperatures (Sage and Kubien, 2007). The decline in photosynthetic capacity at higher 
temperatures in tropical species could be related to the higher growth temperatures experienced 
in the tropics and the limited seasonal variation in growth temperatures under which tropical 
species have evolved (Cunningham and Read, 2002; Wright et al., 2009; Cavaleri et al., 2015; 
Rey-Sánchez et al., 2016). The reductions in carbon uptake and maximum electron transport 





storage in the tropical forests, as reductions in carbon uptake will likely reduce the strength of 
the C sink in subtropical and tropical rainforest trees with future warming, and therefore 
increase their vulnerability in the future. 
We also found that leaf dark respiration with 3.5 °C warming was reduced more in 
tropical and subtropical species via a reduction in R25 and Q10, whereas this did not occur in 
warm-temperate species. The adjustment of leaf dark respiration to warming in tropical and 
subtropical species likely offsets the stronger decrease of photosynthetic capacity in tropical 
and subtropical species and curbs the loss of carbon through respiration with warming. This 
suggests that tropical and subtropical species may adjust to warming via the combined effects 
of an increased ToptA and reduced respiration. Mercado et al. (2018) showed that thermal 
acclimation of photosynthetic capacity can reduce the vulnerability of temperate and tropical 
species to warming. Hence, incorporating thermal acclimation of photosynthetic and respiratory 
temperature responses into Earth system models is needed particularly when projecting the 
response of tropical forests to warming.  
 Overall, this study provides insights into the mechanisms controlling the photosynthesis 
temperature response in rainforest tree species and their capacity to adjust to warming. My 
findings showed that subtropical and tropical tree species showed greater adjustments of 
ToptA300, and respiration compared to warm-temperate species, but photosynthetic capacity was 
reduced via a stronger reduction in Jmax25 in tropical compared to warm-temperate species. In 
general, the photosynthetic biochemistry, but not stomatal limitation, was the main driver of 
the shift of the temperature response of photosynthesis and the increase of the temperature 
optimum of photosynthesis. While the adjustments to the temperature optimum of 
photosynthesis were larger in tropical and subtropical species than in temperate species, this 
was offset by a strong reduction in Jmax25 and Anet25 in tropical species in response to warming, 
resulting in overall lower photosynthesis rates in tropical compared to temperate species 
Mitochondrial respiration also showed greater reductions in tropical compared to temperate 
species, mainly via a change in Q10. However, the physiological responses shown here in 
seedlings may differ from the physiological responses of mature rainforest trees in the field. 
For instance, in in-situ field warming experiment, soil moisture was the strongest environmental 
driver of physiological temperature responses and not temperature; ToptA increased, while 
photosynthesis and basal respiration declined as soils dried in two tropical species (Carter et 
al., 2020). Differences in thermoregulation strategies were observed between upper and lower 





leaf temperature was similar to air temperature and maintained below ToptA in lower canopy 
(Miller et al., 2021). Taken together, our study found that tropical and subtropical rainforest 
species substantially acclimated to higher temperatures, suggesting that the acclimation of 
photosynthesis and respiration temperature responses should be considered when forecasting 
future warming impacts on larger scales. Understanding the mechanisms underlying the growth 
response to warming along latitudes should also be considered to predict the capacity of 







2.6 Supporting information for chapter 2 
 
 
 Figure S2.1. Relationships between leaf temperature and leaf-to-air vapour pressure  deficit 
(VPD) at different growth temperatures in six rainforest tree species : a-b) warm-temperate 








Figure S2.2.Temperature response of photosynthesis of rainforest tree species (n = 3) at the 
mean Ci (300 μmol mol-1) at different growth temperatures (means ± SE). a-b) warm-
temperate species (blue), c-d) subtropical species (orange), and e-f) tropical species (red). 














  Source of 
variation 
df ToptA300 
F          p 
Aopt300 
F            p 
Anet25 
F           p 
Vcmax25 
F        p 
Jmax25 
F        p 
ToptV 
F         p 
ToptJ 
F           p 
ΔSV 
F         p 
ΔSJ 
F          p 
Growth 
temperature 
1 55.58    < 0.001 0.072        0.79 0.40          0.54 0.091   0.76 8.76     0.008 15.47   < 0.001 22.17     < 0.001 8.27      0.010 8.27       0.010 
Group 2 15.43     < 0.001 3.00        0.076 1.57          0.23 1.37     0.28 1.48      0.25                                              1 .68 0.21 5.95           0.011 0.37      0.69 0.37        0.69 
Growth 
temperature x 
Group   
2 5.00        0.019        1.60         0.23 0.16          0.84 
 








Figure S2.3. Relationships between stomatal conductance (gs) and vapour  pressure deficit 
(VPD) at different growth temperatures (different symbols) of rainforest tree species: .a-b) 
warm-temperate species (blue) c-d) subtropical species (orange) , and e-f) tropical species 
(red). The correlation between gs and VPD is significant for T. laurina (gs = -0.088 VPD+ 
0.35, R2 = 0.43, p <0.001), for B. citriodora (gs = -0.137 VPD + 0.607, R2 = 0.26, p<0.001), 





    
 
 
Figure S2.4. Relationships between AmeasuredCi-A300 and leaf temperature (Tleaf) at different 
growth temperatures (different symbols): a-b) warm-te mperate species (blue), c-d) 
subtropical species (orange), and e-f) tropical species (red). The correlation between 
AmeasuredCi-A300 and Tleaf was significant for C. laevigata at 17 °C (R2 = 0. 52; p = 0.007), for 










 Figure S2.5. Temperature response of the maximum carboxylation (Vcmax) for each of six 
rainforest tree from temperate (blue), subtropical (orange) and tropical (red) regions, species 
measured in their respective growth temperatures at five  measurement temperatures in three 










Figure S2.6. Temperature response of the apparent maximum electron capacity rate (Jmax) 
for each of six rainforest species from temperate (blue), subtropical (orange) and tropical 
(red) regions, measured in their respective growth temperatures at five measurement 








Figure S2.7. a) Fitted values of Jmax/Vcmax at standard leaf temperature (25 °C) as a function 
of six growth temperatures across six rainforest species from temperate (blue), subtropical 
(orange) and tropical (red) regions. b) Jmax against Vcmax at standard leaf temperature (25° C). 
Jmax25/Vcmax25 = -0.04 Tgrowth + 3.03 (p < 0.017, R2 = 0.20).  Jmax25 = 1.036 Vcmax25 + 30.31 (p 






   
 
Figure S2.8. The short-term temperature response of leaf respiration in the dark measured at 
two different growth temperatures to assess the responses to +3.5 °C warming in six 

































Chapter 3 – The growth response to warming in Australian rainforest tree species 
shifts from positive to negative along a temperate to tropical climate gradient 
 
3.1 Abstract 
Australian rainforest tree species occur from temperate to tropical latitudes, yet how 
growth responses to climate warming are affected along climate gradient remains poorly 
understood. We tested the direct effects of warming on growth rate, biomass allocation, leaf 
area, and photosynthetic capacity in 12 rainforest tree species of temperate, subtropical and 
tropical origin grown under a wide range of growth temperatures in a controlled-environment 
glasshouse.  
Temperate and subtropical species maintained final biomass at + 3.5 °C and + 7 °C 
warming, while tropical species reduced final biomass by 20% at +3.5 °C and by 53% at + 
7 °C warming. In tropical species, warming decreased total leaf area and leaf mass allocation 
and increased root mass allocation. In response to +7 °C warming, net photosynthesis 
measured at 25 °C was reduced by 56% in tropical species, 30% in subtropical species, and 
8% in temperate species.   
Our study showed that temperate rainforest tree species responded with increased 
growth to warmer growth temperatures owing to plasticity in growth traits, while tropical 
species displayed a reduction in growth through a decrease in leaf area and net 
photosynthesis and thus may be more susceptible to climate warming. This suggests that 
there are predictable differences in the growth response and leaf traits of rainforest groups 












3.2 Introduction  
Global air temperature has risen by an average of ~1.5 °C in the past 140 years as a 
result of increasing CO2 emissions due to human activities (IPCC, 2013). Global mean 
temperatures are predicted to further rise by the end of this century between 2.4 to 6.4 °C, 
depending on different climate scenarios related to climate action (IPCC, 2013). Such changes 
in growth temperatures would require plants to physiologically adjust to these new warmer 
conditions. The ability of plants to adjust physiological, and biochemical processes to optimize 
performance under long-term changes in a temperature regime is defined as thermal acclimation 
(Way and Yamori, 2014). Thermal acclimation usually concerns metabolic traits such as 
photosynthesis and respiration, is dynamically reversible and depends on change in growth 
temperatures. Many plants respond to warming by altering photosynthetic and respiratory 
physiology in a manner that maintains or enhances net C gain (Way and Yamori, 2014). In 
addition, plants can also adjust through plastic changes in leaf traits and plant growth 
development and these adjustments are primarily expressed through irreversible physiological 
or morphological changes (Piersma and Drent, 2003). The plastic response of leaf traits to 
growth temperature such as total leaf area and leaf nitrogen often contributes to the thermal 
acclimation of metabolic factors (Drake et al., 2015), suggesting a tight coupling between 
thermal acclimation and phenotypic plasticity (Atkin et al., 2016). For instance, photosynthetic 
rate is often maintained or increased with warming through an increase in total plant leaf area 
(Drake et al., 2015; Way and Oren, 2010). Therefore, understanding how leaf traits  alter 
warming responses would give a broader picture of how plants can adjust to warming beyond 
biochemical mechanisms. 
Warming responses may include a range of processes such as cell division, biomass 
allocation (Poorter et al., 2012), and plant growth (Drake et al., 2017). Temperature can directly 
influence cell division and expansion of leaves (Kanno et al., 2010; Rymen et al., 2007; 
Savvides et al., 2016; Tardieu et al., 2000) which may influence specific leaf area (SLA) and 
leaf area ratio (LAR) and ultimately affect relative growth rate. Drake et al. (2017) found that 
the total leaf area was one of the main drivers of the temperature dependence of growth.  
Moreover, changes in growth temperatures can alter carbon allocation patterns (Litton et al., 
2007; Poorter et al., 2012). Allocation patterns between above and belowground components 
will likely shift with warming (Way and Oren, 2010), although the direction of this shift is 
unclear. Cheesman and Winter (2013) found a decrease in root-to-shoot ratio with higher 





the expense of leaves in tropical rainforest tree species. Our study investigated how biomass 
allocation responded to warming along a broad range of growth temperatures and whether 
allocation patterns differed between tropical and temperate species. These changes in biomass 
allocation and leaf traits may help to understand the capacity of temperate and tropical species 
to adjust growth to warming.  
The capacity of plant species to alter photosynthesis, growth and leaf traits may depend 
on the growing temperatures of their current native environments (Cunningham and Read, 
2003; Drake et al., 2015). Previous studies found that temperate species physiologically adjust 
to moderate climate warming via increased carbon assimilation and growth (Cunningham and 
Read, 2002; Gunderson et al., 2000, 2010; Way and Oren, 2010; Sendall et al., 2015b), 
increased photosynthetic capacity (Crous et al., 2018) and increased leaf area (Drake et al., 
2015). However, species and provenances from regions with higher growth temperatures and 
thermally stable climates, such as subtropical and tropical climates, showed constrained 
capacity to adjust to warming, exhibiting a reduction of photosynthetic rates and photosynthetic 
capacity (Cunningham and Read, 2002; Drake et al., 2015; Feely et al., 2007; Scafaro et al., 
2017; Crous et al., 2018) as higher temperatures may inhibit physiological processes necessary 
for growth (Doughty and Goulden, 2008; Sage and Kubien, 2007; Way and Oren, 2010). The 
increase of growth in species from higher latitudes was often related to increased photosynthetic 
capacity and total leaf area with warming, while the decrease of growth in species from lower 
latitudes was generally associated with reductions in photosynthetic capacity and total leaf area 
with warming (Crous et al., 2018; Drake et al., 2015; 2017;Way and Oren, 2010). These 
findings suggest that tree species from higher latitudes and colder environments may generally 
benefit from climate warming whereas tropical species are already experiencing warm 
temperatures and cannot benefit as much from further warming (Way and Oren 2010). 
However, tree species have different temperature acclimation capacities and growth responses 
to warming and within the same biome species may show varying responses; some tropical 
species showed more flexibility to acclimate to warming and increase their growth (Cheesman 
and Winter, 2013; Slot and Winter, 2017b). Hence, there is a need to understand and compare 
the resilience of species from different latitudes with regard to climate warming.  
As Australian rainforests occur along the eastern margin of Australia in tropical, 
subtropical and temperate climates, they provide a natural climate gradient along which 
warming responses can be evaluated for different rainforest groups occurring in these respective 





Winter, 2017b) did not investigate the mechanisms (leaf structure, photosynthetic capacity, 
biomass allocation) underlying the growth response to warming. This raises the following 
questions: How do rainforest tree species’ growth including, biomass allocation and leaf traits 
such as leaf area ratio and specific leaf area, respond to warming?  And how does the 
acclimation capacity in temperate species differ from tropical and subtropical rainforest 
species? Are tropical rainforest species less capable to acclimate to warmer temperatures 
compared to subtropical and temperate species? 
We tested the direct effect of warming on growth rate, total leaf area, leaf area ratio, 
specific leaf area, biomass fractions,  and photosynthetic capacity in 12 rainforest species from 
different latitudes grown across a broad range of temperatures to address the following 
hypotheses: i)Temperate species will maintain or increase their growth in response to both  
warming, whereas subtropical and tropical species will reduce their growth ; ii) an increase in 
growth temperature would increase leaf area and shoot allocation in temperate species, whereas 
warming would decrease leaf area and shoot allocation in subtropical and tropical species; and 
iii) in response to warming, photosynthesis and photosynthetic capacity  will  be increased or 
















3.3 Material and methods 
3.3.1 Study species and plant material 
Twelve Australian rainforest species from different climates (i.e. four temperate, four 
subtropical and four tropical species aka ‘rainforest group’) were grown to understand how 
various rainforest species from different latitudes acclimate to warming (Table 3.1). Of the four 
temperate species one, Tasmannia lanceolata, came from a more southern, cool-temperate 
distribution compared to the other three warm-temperate species (Table 3.1, Figure S3.1). 
Climate data (mean temperature of the warmest quarter, mean annual temperature, and mean 
annual precipitation) based on the native distribution range of each species were extracted from 
Worldclim using “get_worldclim_rasters” in R and are summarized in Table 3.1. All species 
were exposed to four growth temperatures, representing the range of the average summer 
temperature along the eastern margin of Australia, which corresponded to temperatures between 
17 °C and 34.5 °C using 3.5 °C increments in between (see below). Three temperatures were 
chosen to reflect a “home” temperature, which was 17 °C for temperate species, 24°C for 
subtropical and 27.5 °C for tropical species. 
Seedlings were obtained as tube stock from three nurseries (Kalanga nursery in VIC, 
Burringbar Rainforest nursery in NSW and Yuruga nursery in QLD) with seeds from one local 
seed source for each species. All plants ranged from 10 to 32 cm height across species. 
Seedlings were transplanted individually into 7 L pots of locally sourced loamy sand soil. Ten 
seedlings of each species were randomly assigned to each of the four temperature treatments of 
their respective climate zones. Plants were kept well-watered using automated drip irrigation 
throughout the experiment and fertilized weekly with a commercial fertilizer (50 ml, N: P: K = 











Table 3.1. Twelve rainforest tree species from three rainforest groups, including their distribution range and corresponding climate data based on 
WorldClim climatology data (WorldClim1.4; Hijmans et al., 2005). MTWQ: mean temperature of the warmest quarter, MAT:  mean annual 
temperature, MAP: mean annual precipitation. Collection details are included in the last column. 








Coordinates of seed 
Collection (approx. 
location) 
Temperate Tasmannia lanceolata 
 (Poir.) A.C.Sm. 
Winteraceae 28.9 – 43.6 °S 14.65 10.14 1286 28°31'16''S 
153°32'27"E          
(Big Scrub, NSW) 
Ceratopetalum apetalum 
(D.Don) 
Cunoniaceae 24.3 – 41.5°S 20.81 16.6 1254 30°19'58''S 
152°42'58''E 
(Dorrigo, NSW) 
Tristaniopsis laurina  
(Sm.)  Peter G.Wilson & 
J.T.Waterh 
Myrtaceae 24.6 – 40 °S 21.08 16.38 1230 28°31'16''S 
153°32'27"E          
(Big Scrub, NSW) 
 Cryptocarya laevigata * 
(Blume) 
Lauraceae 24.6 – 31 °S 23.54 21.11 811 28 °08'55''S 
153°25'04''E 
(Tallabugera, QLD) 
Subtropical Flindersia australis  
(R. Brown) 










(A. Juss.) Benth. 
Meliaceae 24.3 – 33.5 °S 21.84 17.04 1393 28°31'16''S 
153°32'27"E         
 (Big Scrub, NSW) 
Backhousia citriodora 
(F. Muell.) 








(*) seed source came from the warm-temperate climate of its native distribution.
Tropical Atractocarpus fitzalanii 
(F. Muell.) Puttock 










Lauraceae 12.7 – 19.1 °S 24.95 22.88 1892 17°13'00''S 
145°29'00"E      
(Tolga, QLD) 
Syzygium wilsonii 
(F.Muell.) B.Hyland  







3.3.2 Experimental design and growth conditions  
The experiment was conducted in a naturally-lit, temperature and humidity-controlled 
glasshouse at Western Sydney University (Richmond, NSW, Australia) in the austral summer 
of 2017-2018 (November-February). Six growth temperature treatments were assigned to six 
identical glasshouse bays. The mean diel temperatures for temperate species were set to 17, 
20.5, 24, 27.5 °C, while subtropical and tropical species experienced 24, 27.5, 31, 34.5 °C, all 
with a diurnal range of 10 °C. The capacity to respond to +3.5 °C and +7 °C warming was 
assessed against the respective home temperatures of each rainforest group. Hence, the 
acclimation capacity of temperate species was compared at 20.5 °C against 17 °C (+3.5 °C) and   
at 24 °C against 17 °C (+7 °C), while the acclimation capacity of subtropical species was 
compared at 27.5 °C against 24 °C (+ 3.5 °C) and at 31 °C against 24 °C (+7 °C), and finally 
the acclimation capacity of tropical species was compared at 31 °C against 27.5 °C (+ 3.5 °C) 
and at 34.5 °C against 27.5 °C (+7 °C) (Table 3.2). Some temperate and tropical species were 
used in a later, independent experiment, conducted in late March using different plants to 
contrast root respiration traits with 6 °C warming (Noh et al., 2020). 
   
Table 3.2. Temperature treatments during the experiment and associated rainforest tree species 
groups 
 Growth temperature 
Group 17 °C 20.5 °C 24 °C 27.5 °C  31 °C  34.5 °C 
Temperate Home +3.5 °C +7 °C +10.5 °C   
Subtropical   Home +3.5 °C +7 °C +10.5 °C 
Tropical   -3.5 °C Home +3.5 °C +7 °C 
 
3.3.3 Growth analysis 
Growth measurements based on initial and final harvests 
Before the start of the experiment, 12 additional seedlings of each species from the same 
batch of tube stock plants were selected randomly for harvest to determine the initial height and 
diameter as well as root, stem and leaf biomass. First, leaves without petioles were removed to 
determine the total plant leaf area (Li-3100C, Licor, Lincoln, NE, USA) and oven-dried (70 °C) 





root system of each plant was isolated using a washing station and sieves (2 mm), oven-dried, 
and weighed.  While initial height and diameters were fairly consistent within species, there 
was variation between species. During the experiment, height (H) and diameter (D) were 
measured weekly for the first month then fortnightly until the final harvest. Diameter 
measurements were conducted at the base of main stem indicated with a pen mark.  
At the end of the glasshouse experiment (100 days), a final harvest was conducted on 
eight of the 10 plants (randomly chosen) per species per growth temperature (384 plants = 12 
species x 8 replicates x 4 growth temperatures). During the final harvest, total leaf area, stem 
and root mass were determined to calculate the final biomass (sum of leaf, stem and branches, 
and root mass) using the same approach as for the initial harvest after determining the height 
and basal diameter of the seedlings. Fewer than eight replicates survived for four out of eight 
combined subtropical and tropical species in the hottest room with a diel average of 34.5 °C: 
two plants survived of Syzygium wilsonii, four plants survived of Dysoxylum fraserianum, and 
five plants survived for each of Cryptocarya mackinnoniana and Syzygium luehmannii. For 
temperate species, all replicates of Tasmannia lanceolata died in 27.5 °C and only four out of 
eight individuals of this species survived in 24 °C at the time of the final harvest.  
 
The height and diameter measurements were used to calculate volume (V = D2H) of individual 
plants and hence the relative volume growth rate (RVGR) during the experiment:   
       𝑅𝑉𝐺𝑅 =                                                                                                        (1) 
The relative volume growth rate was calculated as the slope of a plot of ln(V) against time for 
each growth temperature and species. 
 
The biomass data from the initial and final harvests were used to calculate relative growth rate 
(RGR) as follows: 
 
      𝑅𝐺𝑅 = (ln 𝑀 − ln(𝑀 ))/∆𝑡                                                                              (2)     
 
In addition, the biomass and leaf area data from the final harvest were used to calculate whole-
plant leaf area ratio (LAR, m2 leaf area g-1 plant dry mass), leaf, stem and root mass fractions 
mass fraction (LMF, SLM, RMF g leaf, stem or root g-1 plant) and specific leaf area (SLA, m 2 





 𝐿𝐴𝑅 = 𝐴 /𝑀                                                                                                            (3) 
𝐿𝑀𝐹 = 𝑙𝑒𝑎𝑓 𝑚𝑎𝑠𝑠/𝑀                                                                                               (4) 
𝑆𝐿𝐴 =  𝐴 / 𝑙𝑒𝑎𝑓 𝑚𝑎𝑠𝑠                                                                                              (5) 
RMF = 𝑅𝑜𝑜𝑡 𝑚𝑎𝑠𝑠/𝑀                                                                                                (6) 
SMF = 𝑆𝑡𝑒𝑚 𝑚𝑎𝑠𝑠/𝑀                                                                                                (7) 
 
Where Mi is the initial total plant dry mass for a species, Mf is the final total plant dry 
mass (g),  Af is the final total leaf area (m2), and t the growth interval in days. LAR (equation 
3) can be subdivided into the ratio of leaf biomass to total plant biomass (LMF) (equation 4) 
and specific leaf area (SLA; m2 g-1, equation 5). Similar to LMF, the stem and root mass 
fractions (SMF, RMF) were calculated as the dry mass of each component divided by the total 
dry mass of each plant from the final harvest (equations 6 and 7).  
3.3.4 Gas exchange measurements and elemental analyses 
   Gas exchange measurements were conducted between November and January 2018 
using a portable open gas exchange system (LI-6400XT, LI-COR, Lincoln, USA) on newly 
developed and fully expanded leaves of each of three replicates per species and growth 
temperature (3 rainforest groups x 4 species x 4 growth temperatures x 3 replicates = 144 
plants). At each growth temperature, light-saturated net photosynthesis (Anet) and CO2 response 
curves (Anet-Ci) at a standard leaf temperature of 25 ºC and saturating light (1800 μmol m−2 s−1) 
were measured between 8:30-15:00h. Anet was measured at ambient CO2 concentration of 400 
± 5 µmol mol-1 and a flow rate of 300 μmol s−1. Each Anet–Ci curve measurement consisted of 
at least eight CO2 concentration levels. Leaf temperature was controlled to be within ± 1 °C of 
the standard temperature of 25 °C by adjusting the temperature of the chamber block. Plants 
were temporarily moved to the 20.5 °C bay to achieve good temperature control. The relative 
humidity in the cuvette was controlled between 50% and 70% by adjusting the LI-6400XT 
desiccant column. Afterwards, leaves were collected, scanned for leaf area using a leaf area 
meter (Li-3100C, Licor, Lincoln, NE, USA), oven-dried at 70 °C, and then weighed to 
determine specific leaf area (SLA, m2 g−1). Subsequently, dried leaves were ground into a fine 
powder to determine total leaf nitrogen (N, mg g−1) using a combustion elemental analyser 





   Temperature dependence of photosynthetic biochemistry parameters 
 
Each Anet-Ci curve was fit to the Farquhar et al. (1980) photosynthesis model using the 
fitacis function in the plantecophys package in R (Duursma et al, 2015). I used the standardized 
kinetics parameters using parameterization given by Bernacchi et al. (2001). 
 
3.3.5 Statistical analysis  
Statistical analyses were performed in R (version 3.4.3; R Foundation for Statistical 
Computing, Vienna, Austria). The sample size for gas exchange measurements was n = 3 
replicates for each species, while the sample size for growth variables was n = 8. A Mixed 
model with rainforest group as a fixed factor and species as a random factor, while growth 
temperature was used as continuous variable and fixed factor (lmer from the lme4 r package, 
Bates et al., 2015). This model was used to assess the effect of growth temperature spanning all 
growth temperatures and rainforest groups. To specifically assess the effects of +3.5 and +7 °C 
warming in reference to the growth temperature of the home environments of the three 
rainforest groups on photosynthetic and growth traits, I used the same mixed model as before, 
but growth temperature was considered as a categorical (fixed) variable with three levels: home 
temperature, +3.5 °C and +7 °C. 
I normalized all variables to the maximum mean value for each species across growth 
temperatures (except for the stem volume timeline) to account for species variation and evaluate 
the patterns of growth temperature purposes in the graphics. However, the data analysis was 













3.4.1 Stem volume growth through time and relative volume growth rate 
Most species in three groups showed an exponential increase of stem volume throughout 
the experiment (Fig. 3.1). However, the rate of the increase depended on growth temperature 
and also on species as shown on Fig. 3.2. Plant height and diameter followed mostly similar 
patterns over time as volume (Fig. S3.2, Fig. S3.3). 
 
 
Figure 3.1. The stem volume (cm3) of rainforest tree species during the experiment under 
different warming growth temperatures. a-d) temperate, e-h) subtropical, i-l) tropical species. 
Points reflect the mean and one standard error from 10 replicates (D: diameter, H: height). 
Growth temperatures are indicated in different colours with 24 °C (cyan) and 27.5 °C (red) 
being common among all species. Tasmannia lanceolata experienced total mortality   at 27.5 
°C. 
 
Higher growth temperatures had a considerable negative effect on the relative volume 
growth rate (RVGR) of the selected rainforest tree species (p < 0.001; Table 3.3). Overall, the 
relative volume growth rate of the three rainforest groups responded similarly to increased 





volume growth rate at different growth temperatures; two species at 27.5 °C and two at 31 °C 
(Fig. 3.2b), while tropical species mostly attained the maximum relative volume growth rate at 
27.5 °C (Fig. 3.2c). Most subtropical and tropical species showed a clear decline when grown 
in the highest growth temperature (34.5 °C).   
Rainforest groups differed in their growth response to warming relative to their home 
environment, as evident in a significant interaction between rainforest group and warming effect 
on RVGR (p = 0.015; Table 3.4). By comparing the response of RVGR of the three rainforest 
groups to + 3.5 °C and + 7 °C warming relative to their respective home temperatures, I found 
that temperate species and subtropical species maintained their RVGR at +3.5 °C and +7 °C (p 
> 0.05), while tropical species showed a marginal negative response of RVGR in response to + 
3.5 °C (p = 0.069) but displayed 61% decline of RVGR (p = 0.009) with +7 °C warming relative 
to their home temperatures. 
 
Figure 3.2. The normalized relative volume growth rate of 12 rainforest tree species (indicated 
in different colours) at four growth temperatures. Values are normalized to equal 1.0 at the mean 
maximum value for each species across growth temperatures. a) temperate, b) subtropical, and 
c) tropical species. Points reflect the mean (± 1 SE, n = 8).  The relative volume growth rate of 
Tasmannia lanceolata at 27.5 °C is shown near zero because all plants of this species died at 









Table 3.3. F-statistic (F) and p-value from analyses of variance of mixed models for growth variables in three rainforest groups (four species each) 
(n = 8). df: degrees of freedom, RVGR: relative volume growth rate, LMF: leaf mass fraction, LAR: leaf area ratio, SLA: specific leaf area, Af : 




Table 3.4. F-statistic (F) and p-value from analyses of variance of mixed models testing the effect of home temperature, + 3.5 °C warming, and + 
7 °C warming on growth variables in three rainforest groups (four species each) (n = 8). df: degrees of freedom, RVGR: relative volume growth 
rate, LMF: leaf mass fraction, LAR: leaf area ratio, SLA: specific leaf area, Af : total leaf area, SMF: stem mass fraction, and RMF: root mass 
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0.045 2.59  0.11 
 
4.86 0.034 7.80         0.008 0.57    0.45    13.18     < 0.001 
 
 





0.25 0.78 0.57 0.57 0.86 0.45 0.041       0.96  0.53   0.60     1.34       0.30 
Tgrowth x 
group 













F                   p 
Final biomass 
F                     p 
LMF 
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LAR    
F                    p                                                  
SLA  
F p                                    
Af  
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F             p 
SMF 
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Warming 2 4.20        0.030                         2.86 0.083 4.00       0.036 0.544           0.58 
 
0.15             0.85 1.51              0.24 1.32        0.29 6.00         0.010 
Group 2 5.63        0.025 0.18 0.83 
 
0.22       0.80 0.10             0.90 0.11             0.89 0.56              0.58 0.77         0.48 0.91          0.43 
Warming x 
group 





3.4.2 Final biomass and biomass fractions in response to warming 
I observed considerable reduction of final biomass in response to the increase of growth 
temperature (p = 0.019; Table 3.3), but there was no interaction between rainforest group and 
Tgrowth (p = 0.66; Table 3.3) as all rainforest groups responded similarly to increased Tgrowth. We 
also assessed the effects of + 3.5 °C on the  and + 7 °C on the final biomass of the three rainforest 
groups compared to their respective home temperatures. We found a significant interaction 
between rainforest group and warming on final biomass (p = 0.041; Table 3.4). Subtropical 
species mostly maintained their final biomass in response to + 3.5 °C and + 7 °C warming 
(Fig.3.3), while tropical species displayed a reduction of final biomass at + 3.5 °C (-20%)  and 
+ 7 °C (-53%). By contrast, the final biomass of temperate species was maintained at +3.5 °C 
and + 7 °C  and was not significantly different from subtropical species at both warming 
treatments (p > 0.05) (Fig. 3.3).  
 
 
Figure 3. 3. Percent of change of final plant biomass in three rainforest groups (4 species each) 
(n = 8) at +3.5 °C and +7 °C warming compared to their respective home temperatures. The 
group mean across the four species in each rainforest group is indicated on the right hand side 
of each panel. 
 
The three rainforest groups shifted their biomass fractions in response to growth 
temperature during the experiment (Table S3.1). The interaction between rainforest group and 
Tgrowth was significant for leaf mass fraction (LMF) (p = 0.003) and root mass fraction (RMF) 
(p = 0.002), but not significant in stem mass fraction (p = 0.16) (Table 3.3). Temperate species 





subtropical and tropical species groups which reduced LMF similarly with warming (p = 0.88, 
Table 3.3). By evaluating how the degree of warming affected the rainforest groups, we found 
that temperate and subtropical species increased their LMF in response to +3.5°C warming, 
whereas tropical species showed a marginal reduction of LMF compared to subtropical species 
(p =0.096). However, at + 7° C tropical species reduced their LMF by 28% and this reduction 
was significantly different compared to subtropical species (p = 0.028) and temperate species 
(Table 3.4). 
Stem mass fraction (SMF) showed a positive response to the increase of growth 
temperature (p < 0.001; Table 3.3), but the response of the three rainforest groups was not 
significantly different (p = 0.16; Table 3.3). The effect of warming also significantly increased 
SMF (p = 0.010; Table 3.4), and the increase was considerably more at + 7 °C compared to + 
3.5 °C (p = 0.04), regardless of rainforest group (p > 0.05; Table 3.4). 
Root mass fraction significantly differed between the three rainforest groups in response 
to the increase of Tgrowth (p = 0.002; Table 3.3).  Temperate species significantly reduced RMF 
with Tgrowth compared to subtropical and tropical species (p = 0.008). However, subtropical and 
tropical species showed a similar response (p > 0.05) and increased their RMF with Tgrowth.  In 
response to +3.5 °C warming, rainforest groups did not differ in their RMF (p > 0.05). However, 
in response to + 7 °C, RMF was significantly reduced in temperate species (-23%, p = 0.038) 
and significantly increased in tropical species (24%, p = 0.002), but the reduction was not 
significant in subtropical species (p > 0.05).  
Taken together, the effect of the interaction between Tgrowth and rainforest group on 
biomass allocation generally involved a change in partitioning between leaves and roots. 
Tropical species increased their RMF and reduced their LMF with warming, resulting in a 
reduction of final plant biomass, whereas temperate species reduced their RMF and increased 
their LMF with warming and thus maintained their final biomass at higher growth temperatures. 
3.4.3 Leaf area variables in response to warming  
The interaction between Tgrowth and rainforest group was significant for leaf growth 
variables of total leaf area (Af), LAR and SLA (p < 0.05; Table 3.3). The increase in growth 
temperature tended to increase Af , LAR and, SLA for temperate species, whereas declines were 
observed for subtropical and tropical species. Total leaf area (Af) increased in temperate species 





significant interaction between rainforest group and growth temperature on Af (p = 0.003; Table 
3.3). Most subtropical and tropical species had the maximum Af around 27.5 °C. In response to 
warming, the three rainforest groups differed in their Af (p = 0.001; Table 3.4). Temperate 
species increased their Af by 87% at +3.5 °C and by 153% at +7 °C on average (Fig. 3.4).  
Subtropical species also maintained a positive response of Af at +3.5 °C (36%) and at +7 °C 
(25%). By contrast, on average tropical species showed a significant reduction of Af at + 3.5 °C 
(-30%, p = 0.012) and at +7 °C (-74%, p < 0.001). 
 Leaf area ratio (LAR) followed a similar pattern as LA (Fig. 3.4), significantly increased 
in temperate species (p < 0.001) and decreased in subtropical and tropical species as Tgrowth 
increased, leading to a significant interaction between rainforest group and Tgrowth on LAR (p < 
0.001; Table 3.3).Temperate species increased their LAR at both + 3.5 °C and + 7 °C, but the 
increase was significantly higher at +7 °C (62%, p = 0.020; Fig. 3.4), while tropical species 
significantly reduced LAR at + 7 °C warming (-42%, p = 0.028; Fig. 3.4). The interaction 
between Tgrowth and rainforest group (p = 0.001; Table 3.3) was also significant in SLA. 
Temperate species significantly increased SLA compared to subtropical and tropical species, 
while subtropical and tropical species showed a significant decline of SLA with the increase of 
Tgrowth. Subtropical and tropical species displayed the highest SLA around 24 °C and 27.5 °C, 
respectively which declined at the highest Tgrowth (34.5 °C) (Fig. 3.4). At + 3.5 °C warming, 
temperate and subtropical species maintained SLA, while tropical species displayed 9%  and 
30% reductions of SLA at 3.5 °C and 7°C warming, respectively. However, at + 7 °C temperate 
species increased SLA by ~30%. 
 













Figure 3.4. Normalised responses of growth variables to experimental warming in three 
rainforest groups (four species each). Values are normalized to equal 1.0 at the mean maximum 
value for each species across growth temperatures. The colours indicate different species.Af : 
Total leaf area, LAR : leaf area ratio, LMF : leaf mass fraction, SLA: specific leaf area. Point 















Figure 3.5. Final dry mass components of four temperate (a-d), four subtropical (e-h), 
four (i-l) rainforest tree species grown at four growth temperatures. Each bar reflects the 
mean of eight plants.  
 
3.4.4 Photosynthesis traits at 25 °C in response to warming 
Overall, no significant differences between rainforest groups (p > 0.05) were found in 
any photosynthetic trait (Fig. S3.5; Table 3.6), but all variables showed significant effects of 
growth temperature (p < 0.05; Table 3.6).  
Anet25 declined with the increase of Tgrowth (p < 0.001, Table 3.6). Jmax25 also declined 
significantly (p < 0.001; Table 3.6) in response to the increase of Tgrowth. Vcmax25 and leaf nitrogen 
also followed similar patterns as Anet25 and Jmax25 (Fig. S3.5; Table 3.6), indicating reduced 










Table 3.6. Analysis of variance of a mixed model (F-statistic and p-value) testing the effect of 
the continuous increase of Tgrowth on photosynthetic traits in three groups of rainforest species 
(four species each). df: degrees of freedom. The photosynthetic traits are net photosynthesis at 
25 °C (Anet25), maximum carboxylation rate at 25 °C (Vcmax25), the maximum rate of electron 
transport (Jmax25), and total mass-based leaf N (Leaf N). 
 
In response to +3.5 °C and to +7 °C, Anet25, Jmax25, and leaf N were all negatively affected 
(p < 0.05) while Vcmax25 did not respond to warming (p = 0.32; Table 3.7). However, there was 
no significant difference between rainforest groups in Anet25, Vcmax25, Jmax25, and leaf N in 
response to warming (p > 0.05; Table 3.7). The decline of Anet25 was remarkably higher in 
tropical species at + 7 °C (-56%) compared to + 3.5 °C (-10%) (Fig. 3.5). Jmax25 also decreased 
more at + 7 °C (-51%) compared to + 3.5 °C in tropical species (-29%) (Fig. 3.6). The reduction 
of photosynthetic capacity with warming observed in the three rainforest groups was also 
associated with a significant decrease of leaf nitrogen with warming (p = 0.028; Table 3.7). 
 
Table 3.7. Analysis of variance of a mixed model (F-statistic and p-value) testing the effect of 
home temperature, + 3.5 °C warming, and + 7 °C warming on photosynthetic traits in three 
groups of rainforest species (four species each). df: degrees of freedom. The photosynthetic 
traits are: net photosynthesis at 25 °C (Anet25), maximum carboxylation rate at 25 °C (Vcmax25), 





F                    p 
Vcmax25 
F                 p 
Jmax25 
F                 p 
Leaf N 
F               p 
Tgrowth 1 22.84 
 
< 0.001 5.50 0.025 
 
22.06 < 0.001 10.31    0.001 
 
 





















0.69      0.50     
 
Source of variation df Anet25 
F              p 
Vmax25 
F               p 
Jmax25 
F               p 
Leaf N 
F              p 
Warming 2 5.87 0.011 1.18          0.32 
 
5.46          0.014 3.70         0.028 
Group 2 0.26 0.77 
 
0.34         0.71 0.60         0.56 0.20         0.82 
Warming x Group 4 0.78 0.55 
 







Figure 3.6. Percent change at +3.5 °C and +7 °C against home temperature in three rainforest   
groups of tree four species each (n = 3) at standard a temperature of 25 °C of net photosynthesis 
(Anet25) (upper panels), maximum carboxylation capacity (Vcmax25) (middle panels) and 
maximum electron transport rate (Jmax25) (bottom panels). S. wilsonii could not be measusred at 
+7 °C.  The group mean across the four species in each rainforest group is indicated on the right 







Australian rainforests present a natural geographic temperature gradient to investigate 
the potential effects of climate warming. This study was aimed at investigating the underlying 
components of the growth response of twelve Australian rainforest species from different 
latitudes to current and future warming to improve our limited understanding of how much 
these species can adjust their photosynthesis and growth. Overall, temperate and subtropical 
species tended to maintain their growth through unchanged final biomass, an increase in total 
leaf area and leaf mass fraction in response to warming, while tropical species considerably 
reduced their growth through reductions of final biomass, total leaf area, and leaf mass fraction 
especially at the + 7 °C warming.  However, the three rainforest groups showed a decrease in 
photosynthetic capacity in response to warming. These findings support the expectation that 
species from lower latitudes may have less capacity to cope with warming than species from 
higher latitudes (Cunningham and Read, 2002, 2003; Drake et al., 2015). 
3.5.1 Reduction of rainforest tree species growth from the temperate zone to tropics in response 
to warming 
In support of my hypothesis, temperate and subtropical species maintained their final 
biomass, whereas the tropical species considerably reduced their final biomass in response to 
+3.5 °C (by 29%) and + 7 °C warming (by 53%). Additionally, the maximum growth was 
attained at 27.5 °C in tropical species and at 27.5 °C and 31 °C in subtropical species. This 
suggests that tropical species are already operating at their thermal limits and that further 
warming would be detrimental especially at + 7 °C, indicating the susceptibility of this group 
to future warming. However, subtropical species will likely cope with 3.5 °C warming, but + 
7°C warming might reduce the growth of some species. A mechanistic understanding of 
temperature effects on tree growth might come from an understanding of the effects of 
temperature on cell division and expansion, which are generally more sensitive to 
environmental variability than other processes (Körner, 2003; Poorter et al., 2012). In our study, 
final biomass in most temperate species was maintained with warming through an increase in 
leaf area and LAR with an increase of Tgrowth.  The decrease of final biomass in tropical species 
was related to 74% reduction of total leaf area and 42% decrease of LAR. This suggests that 
even a small degree of warming can reduce tropical tree growth, while temperate trees species 
will likely increase or maintain growth with further warming. To date there is growing evidence 





growth may be temperature-limited and will likely have the flexibility to alter physiological and 
structural traits such as photosynthesis and leaf area. By contrast, warming would be detrimental 
to warm-origin and tropical plants, already operating near their thermal limits (Doughty and 
Goulden, 2008; Drake et al., 2015; Drake et al., 2017; Way and Oren, 2010). In this regard, 
Drake et al. (2015; 2017) found that temperate provenances increased their growth in response 
to warming via increased total leaf area, whereas warming decreased the growth of tropical 
provenances through reduction in total leaf area. My results showed that total leaf area response 
to temperature differed among the three rainforest groups, suggesting that leaf trait plasticity 
may depend on species’ climate of origin and vary across latitudes. The plasticity of leaf traits 
to warming also contributes to temperature acclimation of metabolic factors (Atkin et al., 2016), 
and therefore may help in predicting the impact of warming on the temperature acclimation 
capacity of rainforest groups. 
3.5.2 Biomass allocation responses to warming in tropical and temperate rainforest tree species 
and implications for growth 
Changes in shoot and root dry mass allocation indicated that species have certain 
plasticity in response to warming (Li et al., 2017; Kasurinen et al., 2016; Wang et al., 2016) 
and can explain the response of plant growth to warming. Elevated temperatures generally 
increased aboveground allocation and growth in temperate species (Allen et al., 2010; Way and 
Oren, 2010). The increase in shoot allocation is associated with increased carbon uptake as 
temperature increased in cooler growth environments. In agreement with my hypothesis, most 
temperate species increased their leaf mass fraction with increasing Tgrowth, whereas the root 
mass fraction increased at the expense of leaves in most tropical species (A. fitzalanii, C. 
mackinnonia, and X. chrysanthus) with increasing temperatures, consistent with other 
Australian tropical rainforest tree species (Cunningham and Read, 2003). In my study, the 
decrease of final biomass and relative volume growth rate at higher temperatures (exceeding 
27.5 °C) in tropical species and subtropical species was achieved through a significant reduction 
in leaf mass fraction at these temperatures, resulting in a reduced LAR, while temperate species 
increased their final biomass and relative volume growth rate through an increase in LMF with 
increasing Tgrowth (Table 3.3). This suggests that the response of biomass allocation to warming 
will likely vary across latitudes and can help assess future ecosystem carbon dynamics under 





3.5.3 Acclimation of photosynthetic capacity of rainforest tree species response to warming  
The acclimation to a change in growth temperatures can involve an alteration of several 
physiological functions. Plants may alter their photosynthetic rate, increase the temperature 
optimum of photosynthesis, increase their total leaf area and final biomass with the result of 
maintaining or enhancing carbon gain under warming (Sage and Kubien, 2007; Gunderson et 
al., 2010, Drake et al., 2015). However, the capacity to alter these physiological functions may 
vary among plant species. In response to warming, cool-origin species and provenances 
increased their photosynthetic capacity, whereas an opposite effect was observed in warm-
origin species and provenances (Cunningham and Read, 2002; Crous et al., 2018; Drake et al., 
2015; Way and Oren, 2010). Unexpectedly, I found that temperate, subtropical, and tropical 
species did not differ in their photosynthetic response to the increase of Tgrowth. The three 
rainforest groups displayed reductions of Anet25, Vcmax25, Jmax25, and leaf nitrogen with the increase 
of growth temperature, suggesting a reduction of photosynthetic capacity, irrespective of 
climate of origin. By contrast, all growth variables were increased or maintained with warming 
in temperate and subtropical species while they were considerably reduced with warming in 
tropical species. Several studies have shown that species require higher temperatures for 
maximum growth than for maximum net photosynthesis (e.g., Cunningham and Read, 2003; 
Teskey and Will, 1999; Xiong et al., 2000), which could explain why temperate species 
maintained growth despite decreased leaf photosynthesis in response to warming. It seems that 
the higher growth temperatures (up to 27.5°C on average) experienced by temperate species 
were favourable to enhance cell division and leaf development, accompanied by an increase in 
plant leaf area, LAR and growth. However, tropical species showed reductions of 
photosynthetic capacity, total leaf area, LAR, and growth with higher temperatures which will 
likely affect their vulnerability and ability to cope with future warming. Previous studies found 
that warm-origin plants will have constrained capacity to acclimate to warming, while cool-
origin plants may have greater capacity to cope with warming over a larger temperature span 
(Cunningham and Read, 2003; Drake et al., 2015; Way and Oren, 2010). The limited ability of 
tropical tree species to adjust to warming is likely due to the limited range of diurnal, seasonal, 
and inter-annual temperatures under which they have evolved (Cavaleri et al., 2015).  
3.5.4 Species may differ in their capacity to acclimate to warming 
Some species may exhibit more physiological plasticity in response to warming than 





not always optimal (Aspinwall et al., 2017; Atkin et al., 2006; Ishikawa et al., 2007; Valladares 
et al., 2014; Zhang et al., 2015). The interspecific variation in responses of photosynthesis and 
growth to increasing growth temperatures may be related to leaf traits such as leaf area, SLA, 
and LMF, and relative growth rate. Atkin et al. (2005) found that the fast-growing species 
exhibited more plasticity and have greater metabolic acclimation capacity in response to warmer 
growth temperature compared to their slow-growing counterparts. In our study, fast-growing 
species such as subtropical species B. citriodora did not show significant reduction of 
photosynthesis with warming and maintained higher relative volume growth rate at higher 
growth temperatures compared to the other subtropical species (Fig. 3.2), while slow-growing 
D. fraserianum showed strong reductions of both photosynthesis (at +3.5 and +7 °C), final 
biomass (+7 °C), and relative volume growth rate at the highest growth temperatures (Fig. 3.2). 
Unlike the other tropical species, fast-growing X. chrysanthus did not show significant 
reduction in the photosynthetic rate at +7 °C. This was associated with higher relative volume 
growth rate that this species maintained at +7 °C compared to the other tropical species (Fig. 
3.2). Thus, fast-growing species likely have more capacity to acclimate to warming compared 
to slow-growing species. This implies that the fast-growing subtropical and tropical species 
may show more acclimation capacity manifested by smaller or no reduction in photosynthesis 
and biomass at higher grown temperatures. In this regard, Cheesman and Winter (2013) found 
that relative growth rates of fast-growing tropical pioneer species increased under warming, 
while growth rates for slower growing late-successional species were severely decreased with 
an increase of growth temperatures (3-6 °C). Slot and Winter (2017b) showed that out of three 
tropical species, only one species, Calophyllum longifolium, did poorly at the highest growth 
temperatures (33 °C and 35 °C) due to its late-successional status, while the two other species 
were pioneer species. Taken together, this implies that although tropical species generally 
showed reductions of growth in response to warming, some species may exhibit higher 
plasticity which will likely allow them to acclimate to temperatures outside their current native 
range and could buffer them against the long‐term effects of climate warming. 
3.5.5 Climate-of-origin versus growth temperatures  
 The physiological response of plants to temperature depends on both the temporal 
change in their growth temperatures and their climate of origin as result of genetic adaptation. 
Few studies have separated the roles of adaptation and acclimation to understand the 
temperature response of plants at larger geographical scales (Kumarathunge et al., 2019b; Lin 





thermal acclimation to predict the future terrestrial C storage under warming.  Kumarathunge 
et al. (2019b) found that global variation in the temperature optimum of photosynthesis was 
mainly driven by acclimation to growth temperature rather than adaptation to temperature at 
climate of origin. In our study, photosynthesis and growth variables showed significant 
responses to growth temperature in all rainforest groups tree indicating acclimation to a change 
in growth temperatures, but tropical species had constrained capacity to acclimate to both + 3.5 
and + 7°C warming. Most tropical species strongly reduced their photosynthetic rate and their 
biomass at the highest Tgrowth (31 °C and 34.5 °C), but the magnitude of susceptibility varied 
among species. As tropical species, S. wilsonii and C. mackinnoniana were more vulnerable to 
warming, showing 75% and 63% mortality in 34.5 °C, respectively, whereas X. chrysanthus 
from the same group had 100% survival and maintained Anet25 at the highest Tgrowth. Taken 
together, our findings showed a strong response in all rainforest groups to Tgrowth as a result of 
thermal acclimation.   
 
 Generally, I observed no differences observed due to climate-of-origin adaptation 
between rainforest groups in their photosynthetic traits in response to warmer Tgrowth. However, 
within the temperate rainforest group, T. lanceolata was clearly adapted to cooler temperatures 
and did not cope well with higher growth temperatures associated with warm-temperate species. 
Hence, it is clear that, acclimation to growth temperatures has its limits, which can be likely 
defined between an upper and lower temperature. Another cool-temperate-origin 
species, Eucalyptus globulus trees had limited capacity to adjust to warming when planted 700 
km north of their native range (Crous et al., 2013). The limited capacity of some species to cope 
with climate warming is likely related to genetic constraints on adaptation (Davis and Shaw, 
2001).  There is more evidence that climate warming may have a negative impact on trees near 
the warm edge of a species’ distribution more than trees from moderate or cool origins because 
these warm-edge species lack gene flow from populations inhabiting warmer climates (Davis 
and Shaw, 2001; Jump and Peñuelas, 2005). 
 
Wider implications and conclusions  
My study showed a strong influence of warming on growth response and its underlying 
components in three rainforest groups. The results demonstrated that leaf traits and growth 
responses to a wide range of growth temperatures differed among the three rainforest groups. 
Temperate and subtropical species mostly maintained their growth in response to temperatures 





total leaf area and leaf mass fraction. By contrast, tropical species reduced their growth at 
temperatures exceeding 27.5 °C via reduced leaf area, leaf mass fraction and photosynthetic 
capacity (53 % reduction of final biomass at +7 °C). These results suggest that tropical species 
are approaching their physiological thermal limits and that even warming of 3.5 °C will have a 
negative effects on their growth whereas + 7 °C warming will threaten their survival. These 
findings imply that tree growth will be likely reduced with future warming in tropical regions.  
However, temperate and subtropical species will likely cope with a larger degree of warming 
compared to tropical species and maintain their tree growth with future warming. Hence, the 
impacts of warming on leaf traits and growth will likely vary across a latitudinal climate, and 
rainforest tree species from lower latitudes may be more susceptible to future warming than 
species from higher latitudes. The responses of rainforest species to short-term high 
temperatures may differ to their responses to long-term warming. Therefore, it is also important 
to understand how rainforest species respond to heatwave temperatures, particularly for tropical 























3.6 Supporting information for chapter 3 
 
 
Figure S3.1. Native geographic distribution map of the 12 rainforest tree species in this study. 
The black dots reflect the seed of origin of each species. 
 
 
Figure S3.2. The height (cm) of rainforest tree species during the experiment under different 







Figure S3.3. The diameter (mm) of rainforest tree species during the experiment under different     
warming growth temperatures. Points reflect the mean (±1 SE, n = 10). 
 
Table S3.1. The mean biomass fractions (± se) of three rainforest groups (four species each) at 
different growth temperatures based on the final harvest dry mass. 
Group Tgrowth 
(°C) 
Leaf mass fraction 
(g g -1) 
Stem mass fraction  
(g g -1) 
Root mass fraction  
(g g -1) 
Temperate 17 0.42 ± 0.048 0.24 ± 0.024 0.34 ± 0.028 
 20.5 0.46 ± 0.049 0.23 ± 0.020 0.31 ± 0.029 
 24 0.47 ± 0.060                                                                                                                 0.27 ± 0.034 0.26 ± 0.027
 27.5 0.51 ± 0.037 0.23 ± 0.019 0.26 ± 0.033 
Subtropical 24 0.41 ± 0.066 0.29 ± 0.018 0.30 ± 0.056 
 27.5 0.45 ± 0.044 0.28 ± 0.014 0.27 ± 0.040 
 31 0.38 ± 0.051 0.33 ± 0.026 0.28 ± 0.056 
 34.5 0.33 ± 0.055 0.35 ± 0.015 0.33 ± 0.053 
Tropical 24 0.43 ± 0.023 0.23 ± 0.026 0.34 ± 0.022 
 27.5 0.44± 0.025 0.23 ± 0.024 0.32 ± 0.020 










 Figure S3.5. Normalised responses of leaf net photosynthesis measured at 25 °C (Anet25), the 
maximum carboxylation rate measured at 25 °C (Vcmax25) (d-f) and the maximum electron 
transport rate measured at 25 °C (Jmax25) (g-i) to experimental warming in three rainforest 

























Chapter 4 - Heatwave effects on leaf photosynthesis and respiration differ between 
temperate and tropical rainforest tree species 
 
4.1 Abstract 
Extreme temperatures during heatwaves are expected to reduce carbon uptake and 
productivity of forests. However, our understanding of responses of rainforest tree species to 
heatwaves is limited, particularly under warmer climatic conditions expected in the future. We 
exposed four temperate and four tropical rainforest tree species to a 5-day heat wave with peak 
air temperatures of ~ 40-42 °C under well-watered conditions. To determine whether long-term 
warming will modify the physiological responses of plants during a heat wave, plants were 
grown under current climate conditions and +3.5 °C warming in a controlled-environment 
glasshouse before the heatwave treatment.  
 
Temperate species exhibited reduced carbon uptake and 78% and 41% increased dark 
respiration (Rdark) in ambient and warmed growth temperatures, respectively during the 
heatwave. By contrast, tropical species maintained relatively homeostatic photosynthesis and 
respiration before and during the heatwave. Both groups increased their thermotolerance during 
the heatwave via a 2.6 °C increase in critical temperature (Tcrit) and leaf temperatures remained 
on average ~2 °C and ~13.5 °C lower than air temperatures and Tcrit, respectively. Warming 
had no effect on the temperature tolerance of temperate and tropical species, except for base 
rates of Rdark at 25 °C in temperate species, which were reduced in warm-grown plants compared 
to ambient-grown plants.  
 
Overall, both temperate and tropical species sustained physiological functions during 
a heatwave, including an increase in temperature tolerance. Growth under warmer 
temperatures did not confer added thermal tolerance to temperate and tropical species during 









4.2 Introduction  
As mean global temperatures increase, the frequency, intensity and duration of 
heatwaves are projected to rise through the 21st century (Della-Marta et al., 2007; IPCC, 2014; 
Lynn et al., 2007). Broadly defined, heatwaves are periods of consecutive days where 
conditions are excessively hotter than normal (Perkins and Alexander, 2013). Heatwaves have 
been defined as temperatures above the 90th percentile, persisting for three or more days (Pezza 
et al., 2012). This definition was adopted by the IPCC (2007). Heatwaves are projected to last 
longer than observed in recent years (Meehl et al., 2007). Extreme temperatures during the 
summer period could adversely affect plant productivity and function of ecosystems; however, 
little research has been conducted to document these effects. Furthermore, heatwaves often 
occur under warmer climatic backgrounds (Collins et al., 2013), but it is not clear how plants 
growing under warmer climates will respond to heatwaves. This underscores the need to 
understand the physiological responses of plants to extreme temperatures and also assess the 
effect of long-term warming on plant responses to heatwaves.  
Extreme temperatures during heatwaves can affect a wide variety of physiological 
functions in plants, including photosynthesis and respiration as key processes for CO2 uptake 
and growth. At higher temperatures, net photosynthetic rates often decline beyond an optimal 
temperature to which the plant is acclimated (Teskey et al., 2015). The decline of 
photosynthesis at higher temperatures can be attributed to various processes (Lin et al., 2012), 
including an excessive release of CO2 via photorespiration and/or leaf dark respiration 
compared to carboxylation rates (Atkin et al., 2006). High temperatures may lead to the 
inactivation of Rubisco through inhibition of Rubisco activase (e.g., Salvucci and Crafts-
Brandner, 2004), which has been the primary constraint on photosynthetic rate during severe 
heat stress (Galmés et al., 2013). Leaf dark respiration (Rdark) is also sensitive to heatwave 
temperatures (Hüve et al., 2011; O'Sullivan et al., 2013). Rdark rapidly increases, often by 50 to 
200% per 10 °C (equivalent to Q10 values of 1.5 – 3.0), which substantially reduces net carbon 
gain (Teskey et al., 2015). However, it is important to consider that Rdark may acclimate during 
heatwaves, given that several studies have found reduced basal rates of Rdark  in response to an 
increase in growth temperatures (Atkin et al., 2005; Slot and Kitajima, 2014; Tjoelker et al., 
2009), sometimes occurring within days (Bolstad et al. 2003; Lee et al., 2005), and during 
heatwave treatment (Aspinwall et al., 2019). This evidence suggests that the short-term 
temperature acclimation of respiration will likely limit the increase of Rdark during heatwaves 





temperature (Tleaf), which, in association with increased vapour pressure deficit (VPD) increases 
transpiration. However, high VPD can result in feedbacks that decrease stomatal conductance 
(gs) and increase transpiration. The combined effects of VPD and gs modify transpirational 
cooling, which subsequently influences Tleaf. Plants regulate transpiration rates through stomata 
to avoid embolisms (Meinzer and McCulloh, 2013). Therefore, the increase of leaf transpiration 
in response to heatwaves is regulated by stomatal conductance. In well-watered plants, stomatal 
conductance may increase transpirationand thus reduce heat stress via a cooling of leaf 
temperatures (e.g., Ameye et al., 2012).  In the absence of an adequate water supply, plants 
reduce transpiration through the reduction of stomatal conductance to avoid hydraulic failure 
which may increase leaf temperatures, heat stress, cause visible damage and at larger scales can 
result in increased tree dieback or mortality (Albert et al., 2011; Allen et al., 2010). To 
withstand heat stress, plants have various mechanisms from the cellular to whole-plant scale. 
Thermotolerance is defined as the maintenance of essential plant functions that contribute to 
the fitness of a genotype (Hall, 1992; Porch and Hall, 2013).  The study of changes in 
chlorophyll a fluorescence upon heating of leaves has been widely used as a method to 
determine the thermal tolerance of plants (Cunningham and Read, 2006; Krause et al., 2013; 
Aspinwall et al., 2019). This method provides insight into the plant’s ability to tolerate heat 
stress through damage to cellular membranes, including those in the photosynthetic apparatus 
(Maxwell and Johnson, 2000; Ducruet et al., 2007). Fv/Fm, the ratio of the maximum variable 
to the maximum total chl fluorescence, is a widely used index of heat tolerance (Aspinwall et 
al., 2019; Cunningham and Read, 2006; Krause et al., 2010). Fv/Fm values below approximately 
0.80 indicate stress to photosystem II, with 0.84 being optimal (Genty et al., 1989; Maxwell 
and Johnson, 2000). A second method to assess heat tolerance is the critical temperature (Tcrit), 
which estimates an upper temperature limit beyond which irreparable damage occurs via 
measuring the increase of the basal chlorophyll fluorescence (F0) with increasing temperatures. 
The increase in F0 is slow at first, then rises quickly in response to higher temperatures. The 
temperature at the point of inflection between the slow and fast increases of the basal 
fluorescence (F0) with increasing temperature determines the critical temperature (Tcrit) (Berry 
and Björkman, 1980; Schreiber and Berry, 1977), at which damage to photosystem II (PSII) is 
irreversible and the photosynthetic capacity is reduced (Braun et al., 2002; Krause et al., 2010). 
Trees were found to increase Tcrit in response to heat stress (Drake et al., 2018; Ghouil et al., 
2003; Zhu et al., 2018), although plant susceptibility to heatwaves may also depend on climate 






Plant responses to heat stress can vary depending on climate of origin. Species 
originating from warmer climates are more heat tolerant and are better adapted to withstand 
heat stress than species originating from cooler climates (Cunningham and Read 2006; Salvucci 
and Crafts-Brandner, 2004). O'Sullivan et al. (2017) demonstrated that thermotolerance 
increased with an increase of habitat temperature with Tcrit values ranging from 41.5 °C in the 
Alaskan arctic to 50.8 °C in lowland tropical rainforests of the Peruvian Amazon. Regional 
studies have also reported higher thermotolerance of photosynthetic metabolism at dry, warmer 
sites than cooler, wetter sites (Knight and Ackerly, 2002; 2003). These findings suggest that 
thermotolerance may vary with latitudinal distribution. Cunningham and Read (2006) found 
that leaves of tropical rainforest tree species have a greater heat tolerance than temperate 
rainforest species as the temperature values for leaf tissue heat tolerance were higher in tropical 
species (51–55 °C) compared to temperate species (48–51 °C). The greater thermotolerance 
observed in tropical species was explained by the higher mean maximum temperatures 
experienced in the tropical climate and might reflect an adaptive trait to heatwave exposure. 
With the exception of Cunningham and Read (2006) who investigated the thermotolerance of 
Australian rainforest tree species, the physiological responses of rainforest tree species from 
contrasting biomes to extreme temperatures remain unexplored. Furthermore, it is not yet clear 
how the exposure to long-term warming may affect physiological responses to short-term 
exposure to extreme temperatures. Understanding the physiological responses to heatwaves is 
particularly relevant for tropical tree species, which will likely experience increases in heatwave 
frequency, while already exposed to higher growth temperatures compared to temperate trees 
(Herold et al., 2017; Perkins et al., 2011). While the ability of plants to adjust to long-term 
warming has been increasingly investigated (Aspinwall et al., 2016; Crous et al., 2018; Drake 
et al., 2016; Scafaro et al., 2017), it is currently unclear if long-term exposure to warming can 
help increase thermotolerance during a heatwave (Teskey et al., 2015). Broadly, it is 
hypothesised that the pre-exposure to warming conditions would increase the thermotolerance 
of plants to heatwaves based on several studies that showed that trees exposed to short‐term 
warming or high temperature events exhibit less tissue damage and physiological stress when 
exposed to heat waves, compared to trees with no such history (Colombo and Timmer, 1992; 
Daas et al., 2008; Ghouil et al., 2003). Contrary to this hypothesis, Drake et al. (2018) found 
that Eucalyptus parramattensis trees grown in the field at ambient and warmed temperatures 
displayed equivalent physiological responses and coped well with an experimental heatwave, 
indicating that 3 °C warming had no effect on the thermotolerance of trees to heat waves. By 





temperatures were more susceptible to heatwaves than those grown under cooler growth 
temperatures and found that visible heatwave damage was related to their temperature 
susceptibility. These inconsistent findings suggest that the physiological response of plants to 
the interaction between warming and heatwave temperatures remain unclear, implying that the 
interaction between warming and heatwave may be influenced by the species’ life history and 
the climate to which species are adapted. 
Our study investigated whether long-term +3.5 °C warming treatment would modify the 
physiological responses of four temperate and four tropical rainforest tree species in response 
to a 5-day heatwave. The experiment was designed to test the following hypotheses: i) 
Heatwave treatment will induce a strong decline in photosynthesis and stomatal conductance, 
but the reduction is expected to be less in warming compared to the ambient temperature 
treatment; ii) Respiration will increase during the heatwave, but thermal acclimation will limit 
the increase of respiration during the heatwave, and iii)  Tropical tree species would be more 
thermotolerant under a heatwave than temperate species via higher Tcrit, lower Rdark and the 

















4.3 Material and Methods 
4.3.1 Study species and experimental design 
The experiment assessed the response of rainforest tree species to a 5-day heatwave and 
tested whether long-term warming of 3.5 °C altered their response to this experimental 
heatwave.  The heatwave was applied to four temperate (Ceratopetalum apetalum D.Don, 
Cryptocarya laevigata Blume, Tristaniopsis laurina Sm.Peter G.Wilson & J.T.Waterh,, 
Backhousia myrtifolia Hook. & Harv) and four tropical rainforest species (Atractocarpus 
fitzalanii F. Muell.Puttock, Cryptocarya mackinnoniana F.Muell., Syzygium wilsonii F.Muell. 
& B.Hyland, Xanthostemon chrysanthus F.Muell. Benth), all of which had native distributions 
located along the east-coast margin of Australia between 12 and 42°S (Table 4.1). All species 
were grown previously under their ambient temperatures and +3.5 °C warming (20.5 and 24°C 
for warm-temperate species; 24 and 27.5 °C for tropical species) in a naturally-lit, temperature 
and humidity-controlled glasshouse, using one bay for each growth temperature. In total, 160 
plants were selected to conduct this experiment (8 species x 2 growth temperatures x 2 
treatments x 5 plants = 160 plants), but only three plant replicates were selected for 
measurements. The use of 3.5 °C reflects a realistic increase of global temperature in the future 
(Huntingford et al., 2012). All growth temperatures (20.5, 24, and 27.5 °C) regimes had a 
diurnal range of 10°C with maximum temperatures of 26, 30, and 36 °C, respectively. Thus, 
temperatures during the day were warmer than the average diel temperatures. Seedlings were 
obtained as tube stock from three nurseries (Kalanga nursery, VIC, Burringbar Rainforest 
nursery, NSW and Yuruga nursery, QLD) with seeds locally obtained from one seed source for 
each species. Seedlings were transplanted individually into 7 L pots of locally sourced loamy 
sand soil. 
4.3.2 Heatwave conditions 
After 127 days of growth under long-term experimental warming, five plants of each 
species in each growth temperature treatment were randomly selected and exposed to a 
controlled heatwave for five consecutive days (12 - 16 March 2018). All glasshouse bays were 
exposed to heatwave treatment with maximum air temperatures around 40 °C (Fig. S4.1). 
Humidifiers (Carel Humidisk 65, Carel S.p.a, Padova, Italy) were used to maintain relative 
humidity above 60% in each treatment. This heatwave temperature is experienced in the 





temperature allowed for comparison of the physiological functions of temperate and tropical 
species to similar heatwave conditions. On average, VPD was around 1.65 ± 0.046 kPa in the 
three heatwave bays (Fig. S4.1). Plants were kept well-watered to test the effects of heat stress 
while avoiding confounding effects of combined heat stress and water limitations.  
4.3.3 Leaf gas exchange measurements 
Leaf gas-exchange was measured three or four days before, during (after two or three days of 
heatwave temperatures), and three or four days after the heatwave to track recovery. The 
measurements were carried out between 9:30 and 15:00 on recently fully expanded leaves from 
three seedlings of each species in each temperature treatment using five portable open gas 
exchange systems (LI-6400XT, LI-COR, Lincoln, USA). Leaf photosynthesis under saturating 
light conditions (Anet, PAR= 1800 μmol m−2 s−1; [CO2_ref] = 415 µmol mol-1), and leaf dark 
respiration (Rdark, [CO2_ref] = 415 µmol mol-1) were measured using a flow rate of 300 µmol s-1. 
Prior the measurements of Rdark, leaves were kept in darkness for at least 30 min prior 
measurement by covering them by foil aluminium. To assess the magnitude of Rdark temperature 
acclimation during the heatwave, we calculated the expected Rdark during the heatwave (at Tleaf 
= 40 °C) based on measured rates at 25 °C and a Q10  of  2.0  to compare it to the measured Rdark 
during the heatwave at 40 °C, using 1-Rdark-measured/Rdark-expected ratio. Leaf temperature set during 
measurements was 40 °C for the plants during the heatwave to assess the functional responses 
of plants in response to heatwave temperature and 25 °C for the same plants measured before 
and after the heatwave to assess the recovery of plants from heatwave, which was achieved by 
controlling the temperature of the cuvette block. The relative humidity in the leaf cuvette was 
controlled between 50% and 70%.  
4.3.4 Leaf thermotolerance 
 Leaf thermotolerance was assessed using two variables; the critical temperature (Tcrit) 
and the fluorescence relative to maximal fluorescence (Fv/Fm). The Tcrit was measured using 
two Mini-PAM systems (mini-PAM-II/B and mini PAM S/N 0129 Walz GmbH, Effeltrich, 
Germany), each controlled by a temperature controller (Arduino PID temperature controller, 
Monza, IT) (Figure S4.2). This set up was based on the method used by Schreiber and Berry 
(1977), which consists of monitoring the basal leaf chlorophyll fluorescence (F0) while applying 
a steady increase in leaf temperature. As temperature increases, F0 increases slowly, then fast. 





and can be calculated from the intercept of the fast temperature-dependent rise and the slow rise 
of F0 (Knight and Ackerly, 2002, Krause et al., 2010). Tcrit was measured once before and once 
during the heatwave on plants grown at 24 °C, on both temperate and tropical species, on three 
plants per species. The Tcrit measurements were conducted on the fourth day of heatwave 
between 8 – 16 h (local time) with 30 min of dark-adaptation prior to measurement to ensure 
depletion of all post-illumination transients (Atkin et al., 1998). 
Fv/Fm is a fluorescence ratio, which is most often used as a stress indicator, and can be 
measured in dark-adapted leaves to determine the level of stress shown by the amount of 
damage to the maximum efficiency of light utilization in PS II for photochemistry (Björkman 
and Demmig, 1987, Murchie and Lawson, 2013) via the following equation: 
    𝐹 /𝐹  = (𝐹 − 𝐹 )/𝐹                                                                                         (1) 
Where F0 is the basal fluorescence and Fm is the maximum fluorescence in a fully dark-
adapted state and used to calculate from which Fv/Fm is calculated (Genty et al, 1989) on fully 
expanded leaves of three replicates per species.  
4.3.5 Leaf temperature 
Leaf temperatures (Tleaf) were continuously measured using thermocouple 
measurements between the 2nd and 26th of March 2018, encompassing leaf temperatures before, 
during and after the heatwave. Fine-wired thermocouples (0.13 mm diameter, Model 5SRT; 
Omega Engineering, Norwalk, CT, USA) were installed on the abaxial surface of leaves with 
surgical tape such that the junction was inside the leaf and touching mesophyll. The 
thermocouples were installed  on three replicates (one leaf per plant) per species grown at 24 
°C (24 thermocouples total) and measured via a AM25T multiplexer connected to a 
programmed CR1000 datalogger (Campbell Scientific, Garbut, QLD, Australia).  
4.3.6 Leaf water potential  
Midday leaf water potential (Ψmd, MPa) was measured using a Scholander pressure 
chamber (PMS Instrument Company, Albany, Oregon, USA). Leaves were collected during  
sunny conditions on the third day of the heatwave, were placed in sealed plastic bags humidified 
with a damp paper towel, placed in a cool box, and measured within an hour of collection. Ψmd 
was measured on three plants (one leaf each) per species within each temperature treatment 





4.3.7 Soil water content 
Soil water content was measured with TDR (Time Domain Reflectometry) technology 
during the experiment. The TDR sensors were connected to a Campbell data logger (Campbell 
Scientific, Garbut, QLD, Australia) and programmed to log volumetric water content every 30 
min. The measurements were conducted on three replicate pots per species within each 
temperature treatment before, during, and after the heatwave. 
4.3.8 Statistical analysis  
Statistical analyses were performed in R (version 3.4.3; R Foundation for Statistical 
Computing, Vienna, Austria). The sample size for all measurements was n = 3 replicates for 
each species. Data were analyzed using a mixed linear model for all variables (lmer from the 
lme4 r package, Bates et al, 2015) to assess the effect of heatwave, comparing measurements 
obtained during the heatwave to those obtained before the heatwave, and to assess recovery by  
comparing measurements obtained after the heatwave to those obtained before the heatwave. 
All repeated measurements were conducted on the same plants. Heatwave treatment (pre-
heatwave, heatwave, and post-heatwave measurements), rainforest group (temperate, tropical), 
and growth temperature (ambient temperature, ambient +3.5 °C, i.e. warming effect) were 





Table 4.1. Australian rainforest tree species studied, including species distribution range and corresponding mean temperature of the warmest 
quarter (MTWQ), mean annual temperature (MAT), and mean annual precipitation (MAP) at the southernmost and northernmost latitude 
occurrence based on WorldClim climatology data based on WorldClim climatology data (WorldClim1.4; Hijmans et al., 2005). 




MAT (°C) MAP 
(mm) 
Temperate Ceratopetalum apetalum  
 
    Cunoniaceae     24.3 – 41.5°S 20.81 16.60 1254 
Cryptocarya laevigata 
 
Lauraceae 28 – 31 °S   23.54 21.11 811 
 Tristaniopsis laurina  
 
Myrtaceae 25 – 40°S 21.08 16.38 1230 
 Backhousia myrtifolia  
  
Myrtaceae         17.2 – 33°S   24.57 20.72 1067 
Tropical Xanthostemon chrysanthus  
 
Myrtaceae    12.4 – 19.2°S 26.28 23.47 1890 
Cryptocarya mackinnoniana 
 
Lauraceae    12.7 – 19.1°S 24.95 22.88 1892 
Syzygium wilsonii 
 
Myrtaceae    17.91– 18.5°S 24.86 23.11 926 
Atractocarpus fitzalanii 
 






4.4 Results        
4.4.1 Response of Anet, gs, and transpiration to a heatwave for plants grown at ambient and 
+3.5 °C warming 
Temperate and tropical species groups differed in Anet response to the heatwave 
treatment (p = 0.037; Table 4.2). During the heatwave, the temperate species group exhibited 
decreased photosynthetic rates, while the tropical species maintained their photosynthetic rate 
compared to before the heatwave (Fig. 4.1). Growth temperature treatment of 3.5 °C warming 
had no effect on Anet or its response to the heatwave (p = 0.18; Table 4.2). After the heatwave, 
the photosynthetic rate was not significantly different from the rate before the heatwave (p = 
0.19; Table 4.3), the groups did not differ in Anet (p = 0.97; Table 4.3), and growth temperature 
treatment had no significant effect on Anet (p = 0.38; Table 4.3).  
   
 
Figure 4.1. The response of net photosynthesis (Anet) (mean ± se, n = 3) of four temperate 
(a-d) and four tropical (e-h) rainforest tree species grown under two growth temperatures 
(ambient and +3.5 °C) and measured before (at 25 °C), during (at 40 °C, hatched bars), and 






Stomatal conductance was not affected by the heatwave (p = 0.063; Table 4.2).  There 
was an interaction effect between growth temperature and rainforest group on gs (p = 0.046; 
Table 4.2), with warming increasing gs in the temperate group, while reducing gs in the tropical 
group. After the heatwave, gs remained unchanged compared to before the heatwave (p = 0.37), 
and neither rainforest group nor growth temperature affected gs (p = 0.75; Table 4.3). As plants 
were kept well-watered during the heatwave, water content of the soil (Fig. S4.5) and midday 
water potential were similar before and during the heatwave (p > 0.05; Table 4.2; Fig. S4.3). 
Transpiration (E) increased during the heatwave (p < 0.001; Table 4.2). The increase of E 
during the heatwave resulted from an increase of VPD compared to before the heatwave (Fig. 
S4.1). The increase of E was similar between rainforest groups (p = 0.64; Table 4.2, Fig. S4.6), 
and did not differ between growth temperatures during the heatwave (p = 0.86; Table 4.2; Fig. 
S4.5). After the heatwave, transpiration was unchanged compared to before the heatwave (p = 
0.20; Table 4.3; Fig.S4.6).  
4.4.2 Leaf dark respiration (Rdark) under a heatwave in response to plant growth at ambient and 
+ 3.5 °C warming 
My results demonstrated a significant three-way interaction of the heatwave, warming 
treatment and species group on Rdark (p = 0.001; Table 4.2). In temperate species, Rdark  at 40 °C 
increased by 78% and 41% on average in ambient and warmed growth temperatures, 
respectively during the heatwave, while tropical species exhibited a near homeostatic response 
of Rdark during the heatwave compared to before the heatwave. Furthermore, the magnitude of 
the increase of Rdark during the heatwave was higher in temperate species compared to tropical 
species (Fig. 4.2). 
After the heatwave, Rdark at 25 °C was not different from the rate at 25 °C before the 
heatwave (p = 0.59; Table 4.3). There were significant effects of rainforest group and warming 
treatments on Rdark (Table 4.3). The tropical species group showed 25% lower respiration rates 
compared to temperate species (p = 0.003; Table 4.3). Overall, the rate of Rdark was higher in 
the ambient compared to the warmed growth temperature (p = 0.012; Table 4.3; Fig. 4.2), but 
there was no significant effect of warming on Rdark at 25 °C after heatwave compared to before 









Figure 4. 2. The response of leaf dark respiration (Rdark) (mean ± se, n =  3) of four temperate 
(a-d) and four tropical rainforest (e-f) tree species grown under two growth temperatures 
(ambient and +3.5 °C) and measured at 25 °C before the heatwave, at 40 °C (hatched bars) 
during the heatwave, and at 25 °C after the heatwave. 
 
Temperature acclimation during the heatwave limited the increase of Rdark measured at 
40 °C compared to expected rates based on rates determined at 25 °C in both temperate and 
tropical species (1- Rdark measured /Rdark expected > 0). An interaction between growth temperature 
treatment and rainforest group significantly influenced temperature acclimation of Rdark during 
the heatwave (p < 0.001).  On average, in temperate species Rdark acclimated to heatwave 
conditions by 38% in ambient growth temperatures and 45% in the warmed treatment. In 
tropical species, the magnitude of Rdark temperature acclimation declined from 63% in ambient 







Figure 4.3. Magnitude of thermal acclimation of leaf dark respiration Rdark to heatwave 
conditions in temperate (left panel) and tropical (right panel) tree species grown under home 
and warmed (+3.5 °C) growth temperatures. Thermal acclimation is calculated as the difference 
between 1 and the ratio Rdark measured at 40 °C to Rdark expected at 40 °C during heatwave 
conditions. Values of Rdark expected are based on measured rates at 25 °C prior to the heatwave 
projected to 40 °C using a Q10  of  2.0. A value of 0 indicates no thermal acclimation of Rdark to 
heatwave conditions. Values > 0 indicate an increasing magnitude of thermal acclimation of 
Rdark to heatwave conditions (40 °C). 
4.4.3 The balance between photosynthesis and respiration (R/A) to the heatwave in plants 
grown under ambient and + 3.5 °C warming 
The species groups differed in R/A response to heatwave treatment (HW x Group, p = 
0.002; Fig. 4.4, Table 4.2). Both the temperate and tropical species groups exhibited increased 
R/A during the heatwave, but the increase was higher (145%) in temperate than tropical species 
(18%) compared to values before the heatwave (Fig. 4.4). After the heatwave, the R/A ratio was 
similar to the ratio before heatwave (p = 0.061; Table 4.3) and the effect of warming on R/A 











Figure 4.4. The response of the ratio of leaf dark respiration to photosynthesis (R/A) (mean ± 
se, n = 3) in four temperate (a-d) and four tropical rainforest (e-f) tree species grown under 
two growth temperatures (ambient and +3.5 °C) and measured before (at 25 °C), during (at 











Table 4.2. Heatwave effects on leaf gas exchange parameters in two rainforest tree species groups (four species each) grown under contrasting 
ambient and warmed growth conditions (Tgrowth). Analysis of variance of mixed models (F-statistic and p-value) for net photosynthesis (Anet), 
stomatal conductance (gs), leaf dark respiration (Rdark), ratio of respiration to photosynthesis (R/A), transpiration (E) and Fv/Fm. df: degrees of 
freedom. Heatwave (HW) treatment levels are pre-heatwave and heatwave measurements. Thus, comparisons are values measured during the 





Effect df Anet 
F               p 
gs 
F               p 
Rdark 
F               p 
R/A 
F               p 
E 
F               p 
Fv/Fm 
F               p 
HW 1 15.90       < 0.001 
 
3.53        0.063 
 
57.61        < 0.001 16.37      < 0.001 
 
14.43     < 0.001 3.94        0.05 
Tgrowth 1 1.79             0.18 0.22         0.63 17.20        < 0.001  0.10           0.75  0.029        0.86 2.86        0.094 
Group 1 0.092           0.77 0.006        0.94 81.64        < 0.001      2.45           0.17  0.23          0.64 0.009      0.92 
HW x Tgrowth 1 0.71             0.40 
 
0.26           0.61      0.49             0.48   0.87         0.35  1.30          0.26 
 
1.42        0.23 
HW x Group 1 4.47             0.037 0.0047       0.93     
 
11.22           0.0011 
 
 9.43          0.002 0.004         0.94 
 
5.71       0.019 
Tgrowth x Group 1 1.12             0.29 
 
4.02         0.047 
 
 28.74        < 0.001 
  
 0.032        0.85  
 
2.57           0.11 
 
0.023     0.87 
HW x Tgrowth x Group 1  0.10            0.74 
 
 0.81         0.36      
 
13.91         < 0.001 
 
 1.47          0.22 0.020         0.88 
 





Table 4.3. Pre- versus post-heatwave recovery effects on leaf gas exchange parameters in two rainforest group species (four species each) grown 
under contrasting ambient and warmed growth conditions (Tgrowth). Analysis of variance of mixed models (F-statistic and p-value) for net 
photosynthesis (Anet), stomatal conductance (gs), and leaf dark respiration (Rdark), ratio of respiration to photosynthesis (R/A), and leaf transpiration 
(E). df: degree of freedom. Heatwave (HW) treatment levels are pre-heatwave and post-heatwave measurements to assess recovery. Thus, 
comparisons are values measured at 25 °C prior to the heatwave to values measured at 25 °C after the heatwave 
Effect df Anet 
F               p 
gs 
F               p 
Rdark 
F               p 
R/A 
F               p 
E 
F               p 
HW 1 2.07         0.19 0.78          0.37 0.30             0.58 5.018         0.061 
 
1.67         0.20 
Tgrowth 1 1.00         0.38 0.10          0.75 6.54             0.012  0.18          0.67 0.11         0.74 
Group 1 0.001       0.99 0.0083      0.93 21.26           0.003  0.037        0.70 0.004       0.95 
HW  x Tgrowth 1 1.21         0.19 
 
0.067        0.80          1.00             0.32  0.52         0.38 0.47         0.49 
HW  x Group 1 0.0008      0.87 0.0077      0.93     
 
1.95             0.16 
 
 0.0017      0.66 1.83         0.17 
 
HW  x Group 1 0.16          0.79 
 
 1.26         0.26 
 
0.22             0.64   0.081       0.77 0.080       0.77 
  
HW x Tgrowth x Group 1 2.38          0.18   
 
 4.14         0.044 
 
2.51             0.11 
 





4.4.4 Thermotolerance to heatwave under ambient and +3.5 °C warming 
Warming, group, and HW treatment had a significant interactive effect on Fv/Fm (p = 
0.007; Table 4.2). Temperate species reduced Fv/Fm from 0.78 to 0.75 during the heatwave 
under the ambient treatment, but warm-grown plants increased Fv/Fm during the heatwave, 
whereas Fv/Fm remained similar for ambient-grown tropical plants measured before and during 
the heatwave, but considerably decreased in warm-grown tropical plants during the heatwave 
from 0.77 to 0.72 (Fig. 4.5). 
Tcrit of plants grown under 24 °C significantly increased during the heatwave by ~2.6 °C 
on average for tropical and temperate species groups compared to before the heatwave (p < 
0.001; Fig. 4.6), the increase of Tcrit during the heatwave was not significantly different between 
groups (HW x Group; p = 0.2). Tleaf remained ~13.5 °C lower than Tcrit for all species during 
the 40 °C heatwave exposure. Tleaf   also remained below Tair for all species via a negative 
differential Tleaf-Tair during the heatwave (data not shown). On average, Tleaf reached 38.6 ± 0.08 
°C, during the heatwave across rainforest groups (Fig. S4.5). 
Figure 4.5. Maximum quantum yield of PSII after dark-adaptation (Fv/Fm) (mean ± se, n = 
3) of temperate (a) and tropical rainforest tree species (b) groups grown under two growth 
temperatures (ambient and +3.5 °C) and measured before the heatwave at 25 °C and during 







Figure 4.6. Mean critical temperature (Tcrit) (± se, n = 3)  of four temperate species (a) and 
four tropical tree species (b) measured before the heatwave (blue) and during heatwave 
(HW)(pink) in plants grown at a common growth temperature of 24 °C. 
 






















4.5.1 Acclimation of thermotolerance and dark respiration of rainforest tree species during a 
heatwave treatment 
 In contrast to tropical species, temperate species decreased their photosynthetic rate 
during the heatwave and maintained stomatal conductance, supporting my hypothesis that 
heatwave treatment will induce a strong decline in photosynthesis, but expected declines in 
stomatal conductance were not observed. In agreement with my findings, reductions in 
photosynthesis during heatwaves were observed in several other studies (Ameye et al., 2012; 
De Boeck et al., 2011; Drake et al., 2018; Guha et al., 2018) even in well-watered experimental 
plants (Aspinwall et al., 2019; De Boeck et al., 2011). I observed a recovery of Anet in temperate 
species after the heatwave, indicating that any inhibition of photosynthesis during the heatwave 
was reversible, as found in a study on eucalypt species (Aspinwall et al., 2019). Contrary to my 
hypothesis, tropical species maintained their photosynthetic rate during the heatwave compared 
to before the heatwave. This interactive effect between heatwave treatment and rainforest 
groups on photosynthesis could be related to differences in temperature acclimation, trait 
plasticity, and trait adaptation of the two rainforest groups. For instance, I found that tropical 
species displayed a higher temperature optimum of photosynthesis compared to temperate 
species (Choury et al., chapter 2) and this higher temperature optimum may have helped with 
photosynthesis during the heatwave in tropical species. 
 My study showed that stomatal conductance was maintained during the heatwave for 
both temperate and tropical species groups. Higher temperatures and VPD resulted in an 
increase in leaf transpiration in all species during the heatwave, which likely protected against 
heat damage. Some studies found that stomata remain open at high temperatures even when 
photosynthesis is significantly reduced and VPD is very high (Ameye et al., 2012; Drake et al., 
2018; Urban et al., 2017). Salvucci and Crafts-Brandner (2004) noted that plants under heat 
stress maintain open stomata, resulting in reduced leaf temperatures in the presence of adequate 
water supply. Leaf temperatures remained well below air temperatures and the critical 
temperature of chlorophyll fluorescence in our study, indicating that species were tolerant to 
the heatwave conditions and consequently, did not suffer any heat damage. The thermotolerance 
of both temperate and tropical species was further enhanced via an increase in Tcrit of 2.6 °C 
during the heatwave, as reported by other studies (Drake et al., 2018; Zhu et al., 2018). Tcrit is 





(Ghouil et al., 2003; Zhu et al., 2018).  The high latent cooling and the greater thermotolerance 
observed in rainforest tree species will likely mitigate the effect of heatwaves in the future under 
adequate water supply and may moderate the expected increase of land surface air temperatures 
under heatwaves (Gao et al., 2020).  
 The temperature acclimation of Rdark has been observed in many species in response to 
warming (Atkin et al., 2005; Atkin et al., 2015; Crous et al., 2017; Slot and Kitajima, 2014; 
Tjoelker et al., 2009; Way et al., 2015;) and this acclimation can occur within days (Lee et al., 
2005) implying that projected increases in respiration during a heatwave could be a transient 
phenomenon. Aspinwall et al. (2019) found that Eucalyptus species of contrasting geographical 
distributions and climate history acclimated to heatwave temperatures by rapidly reducing leaf 
dark respiration rates. Many studies have found that dark respiration measured at a standard 
reference temperature decreased with an increase in growth temperatures (e.g., Atkin and 
Tjoelker, 2003; Atkin et al., 2015; Slot and Kitajima, 2014; Tjoelker et al., 2009), reflecting 
temperature acclimation, which could be related to reductions in substrate availability resulting 
from a reduction in photosynthesis or changes in adenylate demand for growth and maintenance 
processes. The extent of temperature acclimation depends on the environmental conditions to 
which the plant is adapted (Tjoelker et al., 2001). In my study, I found that the growth of 
temperate species under 3.5 °C of warming resulted in very little change in the magnitude 
temperature acclimation of Rdark during the heatwave compared to plants in the ambient 
environment. However, warming reduced Rdark acclimation of tropical species. Prior studies 
have shown that the magnitude of acclimation of Rdark to increasing growth temperature is 
diminished at higher growth temperatures compared to lower growth temperatures (Drake et 
al., 2017; Kumarathunge et al., 2020). Nonetheless, temperature acclimation of Rdark in tropical 
tree species resulted in respiration rates that tended toward homeostasis under heatwave 
conditions compared to prior. This finding supports the expectation that acclimation to warming 
increased the capacity of tropical species to cope with heatwaves and minimized carbon loss. A 
reduction of expected exponential increases in Rdark during heatwaves arising from thermal 
acclimation could minimise the negative impact of extreme temperatures on net photosynthesis 





4.5.2 Comparing the responses of temperate and tropical rainforest tree species to heatwave 
treatment 
 Temperate and tropical rainforest species are expected to vary in their physiological 
responses to heatwaves. Cunningham and Read (2006) demonstrated that Australian tropical 
rainforest tree species have a greater thermotolerance compared to their temperate counterparts. 
In 62 native species from five thermally contrasting biomes across Australia, species adapted 
to hot environments showed a higher Tcrit compared to their cooler‐adapted counterparts (Zhu 
et al., 2018). The greater thermotolerance of tropical species is likely related to the higher 
maximum temperatures experienced in tropical regions. A thermotolerance study across biomes 
including 218 species found that Tcrit increased with habitat temperature and found that 
rainforest species from the tropics species had a greater Tcrit than species from the Alaskan arctic 
(O’Sullivan et al., 2017). However, recent studies have shown interspecific variation of heat 
tolerance within communities (O'Sullivan et al., 2017) and common gardens (Feeley 
et al., 2020). For instance, some arctic plants displayed higher heat tolerances than some 
tropical plants (O'Sullivan et al., 2017), suggesting that differences in heat tolerance did not 
always correspond to environmental variation. In my study, Tcrit was increased by 2.6 °C in 
response to the heatwave without a significant difference between temperate and tropical 
groups. Ghouil et al. (2003) also found that Tcrit increased with the increase of temperature 
independent of species’ climate of origin. Thus, Tcrit increased in response to the heatwave in 
both rainforest groups, reflecting acclimation of Tcrit to heatwave temperatures and that both 
rainforest groups increased their thermotolerance with similar magnitude, rejecting my 
hypothesis that tropical species would be more thermotolerant in terms of Tcrit than temperate 
species. However, Fv/Fm differed between temperate and tropical species during the heatwave. 
Fv/Fm increased in ambient-temperate species and decreased in warm-temperate species during 
the heatwave. By contrast, Fv/Fm remained similar in ambient-grown tropical plants and 
decreased in in warm-grown tropical plants during the heatwave. Although, there is statistical 
difference between temperate and tropical species in their Fv/Fm responses to the heatwave, the 
physiological difference between the two groups looked minor and it seems that the heatwave 







In contrast to the Tcrit, photosynthesis and dark respiration differed between temperate 
and tropical species during the heatwave. While temperate species reduced their photosynthetic 
rate and increased their dark respiration during the heatwave, tropical species maintained 
relatively homeostatic responses of photosynthesis and dark respiration (Fig. 4.1), supporting 
my hypothesis that the photosynthetic rate would be maintained and the dark respiration would 
be lower in tropical compared to temperate species. This suggests that temperate species and 
tropical species differed in their carbon exchange during the heatwave, which is likely related 
to temperature acclimation. Species originating from warmer climates generally maintain 
positive net photosynthesis when exposed to higher temperatures, for instance +45 °C in the 
tropical species Dipteryx oleifera and Zygia longifolia (Vargas and Cordero, 2013). However, 
my findings showed that the two rainforest groups differed in their acclimation capacity, which 
led to an increase of R/A in temperate species and homeostatic response of R/A in tropical 
species during the heatwave. Taken together, this suggests that species in cooler climates may 
exhibit less favourable carbon balances in warmer climates when subjected heatwave 
conditions. 
4.5.3 The effect of long-term warming on the response of rainforest trees to a heatwave 
 Some studies have reported that the pre-exposure of plants to short-term or long-term 
warming may improve their physiological performance during heatwaves compared to plants 
with no such history (Colombo and Timmer, 1992; Daas et al., 2008; Ghouil et al., 2003). By 
contrast, Aspinwall et al. (2019) found that trees grown and acclimated to warmer temperatures 
were more vulnerable to heat stress injury than trees acclimated to cooler temperatures, whereas   
Drake et al. (2018) found that Eucalyptus parramattensis trees grown under ambient air 
temperatures and +3 °C warming responded similarly to a heatwave under field conditions, 
indicating that warming history had no effect on the tolerance of trees to heat stress.  In my 
study, I showed that the heatwave did not cause heat stress to rainforest tree species, and both 
groups responded to short-term heatwave by maintaining leaf transpiration, increasing 
thermotolerance and acclimating dark respiration to high temperatures. Such short-term 
acclimation to high temperatures may confer heat tolerance to plants. I also found that 3.5 °C 
warming did not influence the response of temperate and tropical rainforest tree species to the 
heatwave, with the exception of Rdark which exhibited a greater acclimation in tropical species 
during the heatwave when grown at home conditions compared to 3.5 °C warming. The 
inconsistency among studies about the effect of warming on the physiological responses of 





exposure to warming which was in some studies only a few hours (Colombo and Timmer, 
1992), whereas in others plants were grown for almost two months (Aspinwall et al., 2019). 
The magnitude of the pre-warming exposure also varied among studies; some used 3 – 3.5 °C 
(Aspinwall et al., 2019; Drake et al., 2018), while other studies used a fixed air temperature (38 
°C ) prior the measurements during the heatwave  (e.g., Colombo and Timmer, 1992). Another 
factor could be whether or not plants were grown and developed new leaves under the warmed 
conditions (Atkin and Tjoelker, 2003). Moreover, the effect of warming on plants during the 
heatwave could be species-specific and dependent on the life history of a species, especially 
since most previous studies employed one species or populations from the same species.  
My findings showed that both temperate and tropical species coped with the heatwave 
via temperature acclimation of dark respiration and a small increase in thermotolerance, 
although growth temperature had no influence on most physiological processes during the 
heatwave. However, the two groups exhibited different strategies to cope with the heatwave. 
Photosynthesis reversibly declined and Rdark increased in temperate species during the 
heatwave. However, tropical species showed relatively homeostatic responses of 
photosynthesis associated with a near homeostatic response of dark respiration arising from 
temperature acclimation, during the heatwave. The greater degree acclimation of Rdark to 
heatwave temperature in tropical compared to temperate species led to a lower R/A in tropical 
species compared to temperate species. This suggests that tropical species will likely maintain 
a positive carbon balance in response to heatwaves, but temperate species may experience a 
reversible reduction in carbon balance. Taken together, myfindings demonstrated that rainforest 
tree species will likely tolerate heatwave temperatures under well-watered conditions, which 
may help to curb carbon loss and maintain forest biomass under future heatwaves expected with 
climate change. However, these responses may change if water becomes a limiting factor 
especially for tropical rainforest tree species, which have narrow safety margin for hydraulic 










4.6 Supporting information for chapter 4 
   
Figure S4.1. Environmental data before, during, and after a heatwave experiment (hourly 
average ± SE) in the common glasshouse bay that included plants of the two groups of rainforest 
tree species. The average daily air temperature in this bay was 24 °C before and after the 40 °C 
heatwave. a) Air temperature (°C), b) Relative humidity (RH %), c) Vapour pressure deficit 
(VPD, kPa). The two other bays with average growth temperatures of 20.5 and 27.5 °C were 
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Figure S4.3. Leaf midday water potential (ѱm) measured before and during the heatwave for 
four temperate (± SE, n = 3) and four tropical (± SE, n = 3) rainforest tree species grown under 







Figure S4.4. Stomatal conductance (gs) measured before, during, and after a heatwave in four 
temperate (± SE, n = 3) and four tropical (± SE, n = 3) rainforest tree species grown under two 
growth temperatures (ambient and +3.5 °C). 
 
Figure S4.5. Soil volumetric water content measured before and during a heatwave in four 
temperate (± SE, n = 3) and four tropical (± SE, n = 3) rainforest tree species grown under two 







Figure S4.6. The response of leaf transpiration (E) (mean ± se, n = 3) in four temperate (a-d) 
and four tropical (e-h) rainforest tree species grown under two growth temperatures (ambient 
and +3.5 °C) and measured before, during, and after heatwave. 
 
 
Figure S4.7. Leaf temperature (Tleaf) measured before, during, and after heatwave of four 
temperate (± SE, n = 3) and four tropical (± SE, n = 3) rainforest tree species grown at a common 





Chapter 5 – Discussion  
5.1 The need to understand the physiological responses and the adjustments of 
rainforest trees to warming 
 Temperature is a prominent climatic factor influencing the physiological processes and 
development of plants. Global mean temperature has increased by an average of ~1 °C in the 
past century as a result of increasing CO2 emissions due to human activities and it is predicted 
to further rise by the end of this century between 2.4 to 6.4 °C (Huntingford et al., 2012; IPCC, 
2014). Understanding the physiological responses of forest trees to warming is needed to 
improve our predictions about the future increase of CO2 in the atmosphere and the future 
terrestrial carbon cycle. Understanding the physiological responses to warming is particularly 
important for rainforest tree species given their 30% contribution to global net primary 
productivity (Ciais et al., 2013). 
  Tropical rainforests may be particularly vulnerable to warming as they are likely 
already operating near upper thermal physiological limits (Perez et al., 2016; Wright et al., 
2009). Some modelling studies have predicted that tropical rainforest ecosystems will be 
heavily impacted by warming. For example, Cox et al., (2011) predicted a large decline in 
tropical rainforest biomass by 2100 as temperatures rise. More recently, Bastin et al. (2019) 
also predicts a potential decline of tropical canopy cover by 2050. However, other studies 
emphasize the need to account for the ability of plants to acclimate to long-term warming 
(Lombardozzi et al., 2015; Mercado et al., 2018; Smith et al., 2016). For example, Smith et al. 
(2016) showed that the inclusion of temperature acclimation of photosynthesis and respiration 
in Earth system models increases carbon assimilation and storage and reduces uncertainty in 
projections of future carbon uptake. However, they noted that there was a paucity of data on the 
capacity of tropical species to acclimate to warming (Smith et al., 2016) 
5.2 The mechanisms underlying the physiological responses in rainforest trees 
to warming likely vary along latitudes  
There is growing evidence that responses to warming may vary across latitudes 
(Cunningham and Read, 2002; 2003; Drake et al., 2015; Way and Oren; 2010). Species from 
higher latitudes, where mean temperatures are low where there are large seasonal fluctuations, 
are expected to acclimate to warming through metabolic, physiological and morphological 





By contrast, species from lower latitudes, where temperature is relatively stable around the year, 
are expected to have constrained capacity to adjust to warming (Cunningham and Read, 2002; 
Way and Oren, 2010). The limited studies on the physiological adjustments and growth 
responses of rainforest tree species to warming have shown that tropical species tend to reduce 
their maximum photosynthetic rate and growth with warming (up to 35 °C as daily average 
temperature) (Cunningham and Read, 2002; 2003; Cheesman and Winter, 2013; Scafaro et al., 
2017; Winter and Slot, 2017a). However, temperate species tend to maintain the maximum 
photosynthetic rate and increase the growth with warming when compared to their home growth 
temperatures (Cunningham and Read, 2003; Way and Oren, 2010). The physiological basis for 
these responses of rainforest tree species is not well characterized, and thus difficult to 
incorporate in process-based models. The overarching goal of this study was to quantify how 
Australian rainforest tree species from different latitudes cope with warming and identify the 
mechanisms underpinning physiological responses across a broad range of temperatures. 
By examining the components of the photosynthesis temperature response in rainforest 
tree species from different latitudes, I showed that photosynthetic biochemistry was the main 
driver underpinning an increase in the temperature optimum of photosynthesis with warming 
(Chapter 2). This increase in temperature optimum of photosynthesis was associated with an 
increase in the temperature optima of Vcmax25 and Jmax25 and declines in ∆SJ and ∆SV, in 
agreement with global studies (Kattge and Knorr, 2007; Kumarathunge et al. 2019b). I also 
found that Aopt300 declined at higher temperatures associated with a decline in Jmax25. I also 
demonstrated that the shift in photosynthetic biochemistry differed along a latitudinal gradient, 
as shown by the larger decrease of Jmax25 in tropical and subtropical species compared to their 
temperate counterparts. These results are consistent with a previous study showing a larger 
decline in photosynthetic biochemistry in tropical species compared to temperate species 
(Scafaro et al., 2017). The large decrease in Jmax25 with higher temperatures experienced by 
tropical species reflects the sensitivity of processes involved in light capture and electron 
transport to high temperature (Medlyn et al., 2002b), and the dependence of Jmax upon 
membrane stability at higher temperatures (Sage and Kubien, 2007).  
Leaf dark respiration also acclimated in response to warming via a reduction of 
temperature sensitivity of respiration (Q10) at higher temperatures. The acclimation of leaf dark 
respiration to warming is not uncommon and may reduce carbon loss (e.g., Aspinwall et al., 
2016; Crous et al., 2017; Slot and Kitajima, 2015). For instance, a broad set of species across 





(Slot and Kitajima, 2015). In this study, I also found that the reduction of respiration at a 
standard temperature (25 °C) and reduced Q10 with warming was greater in tropical and 
subtropical than temperate species. The acclimation of dark respiration in tropical species in 
response to warming likely minimizes carbon loss, but may also partly compensate for the large 
reduction in photosynthetic capacity in tropical species at higher growth temperatures. 
 The findings of this study provide novel information about the mechanisms controlling 
the photosynthesis temperature response of rainforest tree species across latitudes and their 
capacity to acclimate to warming. This study showed that ToptA increased with warming in 
tropical, subtropical, and temperate species, but the increase of ToptA was larger in tropical and 
subtropical species compared to temperate species. The large increase of ToptA in tropical and 
subtropical species suggests a capacity to acclimate as temperatures increased, but acclimation 
appeared to be constrained at high temperatures via a decline in Jmax25 observed in tropical and 
subtropical at high temperatures. However, temperature growth responses depend on 
physiological processes other than carbon uptake, including biomass allocation among plant 
tissues.  
5.3 The mechanisms underlying the growth responses in rainforest trees to 
warming likely vary along latitudes  
 In chapter 3, I investigated the growth response to warming in twelve rainforest tree 
species from differing latitudes. I showed that temperate and subtropical species maintained 
their final biomass in response to warming of + 3.5 and + 7 °C compared to their home 
temperatures, whereas tropical species had considerably reduced final biomass with warming, 
particularly at + 7 °C. Other studies have also shown that the impact of warming on plant growth 
depends on species climate of origin. Declines in growth with warming are commonly observed 
in species from lower latitudes (Cheesman et al., 2013; Drake et al., 2015; 2017; Way and Oren, 
2010), whereas species from higher latitudes tend to maintain or increase growth with warming 
(Drake et al., 2015; 2017; Way and Oren, 2010). However, the mechanisms that lead to the 
growth temperature response in rainforest species have not been well characterized. The decline 
of growth with warming in tropical species was related to the decrease in photosynthetic rate at 
25 °C and Jmax25 observed in Chapter 2. Owing to declines in photosynthetic capacity, total net 
photosynthesis declined despite the increase in the optimum temperature of photosynthesis. In 
addition, I demonstrated that the increase of growth in temperate species in response to warming 





which means that there is a larger amount of leaf area displayed per unit plant mass in temperate 
species than tropical or subtropical species when grown at higher temperatures (Poorter et al., 
2009). However, the decline of growth in tropical species at higher temperatures was associated 
with a decrease in total leaf area, SLA, and LAR.  In this regard, Drake et al. (2015; 2017) 
found that temperate provenances increased their growth in response to warming via an increase 
in total leaf area, whereas warming decreased the growth of tropical provenances through 
reduction in total leaf area. Cunningham and Read (2003) also reported a decline in LAR in 
tropical species at higher temperatures related to a decrease in biomass allocation to leaves.  
 In this study, I also showed that the temperature response of growth in rainforest tree 
species is determined by a change in biomass allocation fractions in response to warming and 
across latitudes. While temperate species increased their leaf mass fraction with increasing 
growth temperature, tropical species increased their root mass fraction at the expense of leaves. 
High temperatures generally increased aboveground biomass allocation in temperate species 
(Allen et al., 2010; Way and Oren, 2010) likely associated with the increase of carbon uptake 
as temperature increases in cooler environments. In agreement with my findings, Cunningham 
and Read (2003) found an increase in root biomass allocation as temperatures increased, which 
likely resulted in increased water uptake at very high temperatures. These results indicate that 
there is plasticity of biomass allocation between leaves and roots in response to warming, and 
that the response of biomass allocation to warming will likely vary across latitudes. These 
findings provide novel insight into the biomass allocation strategy in rainforest tree species in 
the context of global warming and suggest that biomass allocation contributed directly to the 
divergent response of tree growth under warming in rainforest trees along latitudes. 
5.4 The effects of heatwave on plants physiological functions may vary between 
temperate and tropical species  
 In addition to mean temperatures increasing globally, the frequency and duration of 
heatwaves is also predicted to increase (Herold et al., 2017; Perkins et al., 2011). Heatwaves 
have been defined as temperatures above the 90th percentile, persisting for three or more days 
(Pezza et al., 2012). Heatwaves are already occurring five times more often than they would in 
the absence of global warming (Coumou et al., 2013). To date, the impact of heatwave 
temperatures has not been widely experimentally investigated in rainforest tree species. 
Heatwaves of the future are expected to occur under a warming background (Collins et al., 





Timmer, 1992; Daas et al., 2008; Ghouil et al., 2003). Hence, it is important to explore the 
response of temperate and tropical rainforest tree species to the effect of heatwaves with and 
without warming. Cunningham and Read (2006) investigated thermotolerance of Australian 
temperate and tropical rainforest tree species grown under summer temperatures of temperate 
southern Australia and found that tropical species were more heat tolerant than temperate 
species, but did not examine whether heatwave exposure or growth temperature affected 
thermal tolerance. 
 In Chapter 4, I studied the effect of a long-term +3.5 °C warming treatment on the 
physiological responses of four temperate and four tropical rainforest trees to a five-day heat 
wave of 40 °C. Both temperate and tropical species responded to the heatwave with an increase 
in leaf thermotolerance and acclimation of dark respiration. However, the groups adopted 
different strategies to cope with the heatwave. Tropical species maintained their photosynthetic 
rate and stomatal conductance and showed a homeostatic response of dark respiration during 
the heatwave, compared to before the heatwave. In contrast, temperate species exhibited a 
decrease in photosynthetic rate during the heatwave, but the decline was reversible, and the 
photosynthetic rate increased after heatwave. Leaf dark respiration acclimated via a reduction 
in respiration rate below the expected exponential increase in rates during the heatwave as 
shown by Aspinwall et al. (2019). In temperate species, the acclimation of Rdark was slightly 
greater in warm-grown compared to ambient-grown counterparts, suggesting that the pre-
exposure to warming increased the acclimation of Rdark in temperate species during the 
heatwave. However, warming reduced temperature acclimation of Rdark to heatwave exposure 
in tropical species, suggesting limits to acclimation at higher growth temperatures (Drake et al. 
2017; Kumarathunge et al., 2020). The acclimation of Rdark likely minimizes the negative impact 
of extreme temperatures on photosynthesis (Atkin et al., 2005; Reich et al., 2016) and could be 
a strategy to maintain carbon balance under future heatwaves. 
Based on some studies, thermotolerance may depend on species climate of origin and 
increases with habitat or site temperatures (Cunningham and Read, 2006; O’Sullivan et al., 
2017; Zhu et al., 2018). Contrary to these studies, I found that the baseline of 
thermotolerance as measured by Tcrit was not significantly different between temperate and 
tropical species. Additionally, both temperate and tropical species similarly increased Tcrit 
during the heatwave, suggesting the plasticity of Tcrit occurs is irrespective of species’ 
climate of origin and that both groups increased their thermotolerance by a similar magnitude 





that Tcrit increased with an increase of temperature independent of species climate of origin. 
This means that heat tolerances does not always depend on species temperature habitat. 
With the exception of the acclimation of Rdark in warm-grown temperate species, the 
pre-exposure to long-term warming (+3.5 °C) had no influence on other physiological 
processes during the heatwave. Drake et al. (2018) also found that warming history had no 
effect on the tolerance of trees to heat stress. The findings of this study demonstrated that 
temperate and tropical rainforest tree species may respond differently to heatwaves, but both 
groups were able to tolerate short heatwave events under well-watered conditions.  
5.5 Recommendations to improve understanding about the future physiological 
responses and adjustments of rainforest trees to warming along latitudes 
 The physiological responses and adjustments shown here in seedlings need to be 
translated into physiological response of mature and intact rainforest trees in the field.  There 
is a great need for realistic warming experiments, particularly tropical forests 
(Cavaleri et al., 2015). This means that field-based research into the temperature responses 
of photosynthesis, growth, and their underlying mechanisms is needed for better predicting 
the response of tree growth to high temperatures.  However, assessing temperature responses 
and thermal acclimation on large scales remains a challenge (Lombardozzi et al., 2015), 
because temperature can co-vary with other factors (e.g., light) that also influence the 
temperature response of photosynthesis and respiration. For instance, Smith et al. (2016) 
used leaf temperature acclimation of photosynthesis and respiration to illustrate global 
vegetation carbon dynamics in a terrestrial biosphere model. In chapter 2, I showed that the 
mechanisms underlying the thermal acclimation of photosynthesis were similar to results 
obtained in field measurements in the datasets collated by Kumarathunge et al. (2019b).    
Hence, the findings of this controlled experiment can aid in understanding the direct effect 
of warming on the physiology and the growth of rainforest tree species while avoiding 
common potential co-limiting conditions, which are difficult to separate in the field. 
However, in my first experiment, I used only six species to determine the mechanisms 
underlying the physiological responses and the adjustments of rainforest species to warming; 
the number of species could be low to represent rainforest species from three biomes. 
Including more species would be more robust to represent rainforest species across latitudes. 
Furthermore, the glasshouse experiments excludes ecological interactions that occur in the 





difficult. These ecological interactions may affect the physiological responses of rainforest 
tree species to warming observed in my experiments.  
Additionally, we should consider that in the real world, warming or extreme 
temperatures are often associated with other abiotic factors, such as limited water 
availability. For instance, over the past decades, a number of extreme droughts have hit 
tropical rainforests (Bonal et al., 2016; Cox et al., 2004, 2013; Poulter et al., 2010 ). 
Heatwaves are likely to co-occur with drought because low soil moisture limits 
evapotranspiration and thus amplifies heatwave temperatures. The combined effects of 
drought and heat stress may therefore reduce the thermotolerance of rainforest tree species 
and may lead to hydraulic failures, particularly in tropical species which have narrow 
hydraulic safety margins (Nolf et al., 2015). Future work may thus be necessary to 
investigate the mechanisms underlying the growth response to potential interactive effects 
of drought and warming or extreme temperatures. My study provides useful information 
about the physiological responses of rainforest tree species to a heatwave, which would help 
to avoid the confounding effects of limited water availability and heat stress when both are 
combined in future experiments.    
 Overall, this dissertation determined the various mechanisms underpinning the 
temperature responses of rainforest tree species arrayed across a latitudinal gradient and their 
physiological adjustments to warming. The study showed that subtropical and tropical 
species are operating near their physiological thermal optima, whereas temperate species are 
further from their upper limits and less likely to be negatively affected by future warming. 
In response to a heatwave, both temperate and tropical species coped well via increasing 
thermotolerance and maintaining carbon uptake. Insights regarding the mechanisms 
underlying the physiological and the growth responses of rainforest trees species to warming 
along a latitudinal gradient should be incorporated into terrestrial biosphere models to reduce 
uncertainties about the vulnerability of rainforest response to warming and improve our 
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